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FOREWORD

The Superfunc Amendments and Reauthorization Act of 1986 (Public
Law 99-499) extended and amended the Comprehensive Environmental
Response, Compensation, and Liability Act of 1980 (CERCLA or
Superfund). This public law (also known as SARA) directed the Agency
for Toxic Substances and Disease Registry (ATSDR) to prepare
toxicological profiles for hazardous substances which are most commonly
found at facilities on the CERCLA National Priorities List and which
pose the most significant potential threat to human health, as
determined by ATSDR and the Environmental Protection Agency (EPA). The
list of the 100 most significant hazardous substances was published in
the Federal Register on April 17, 1987.

Section 110 (3) of SARA directs the Administrator of ATSDR to
prepare a toxicological profile for each substance on the list. Each
profile must include the following content:

"(A) An examination, summary, and interpretation of available
toxicological information and epidemiologic evaluations on a
hazardous substance in order to ascertain the levels of significant
human exposure for the substance and the associated acute,
subacute, and chronic health effects,

(B) A determination of whether adequate information on the health
effects of each substance is available or in the process of
development to determine levels of exposure which present a
significant risk to human health of acute, subacute, and chronic
health effects, and

(C) Where appropriate, an identification of toxicological testing
needed to identify the types or levels of exposure that may present
significant risk of adverse health effects in humans.”

This toxicological profile is prepared in accordance with
guidelines developed by ATSDR and EPA. The guidelines were published
in the Federal Register on April 17, 1987. Each profile will be
revised and republished as necessary, but no less often than every
three years, as required by SARA.

The ATSDR toxicological profile is intended to characterize
succinctly the toxicological and health effects information for the
hazardous substance being described. Each profile identifies and
reviews the key literature that describes a hazardous substance's
toxicological properties. Other literature is presented but described
in less detail than the key studies. The profile is not intended to be
an exhaustive document; however, more comprehensive sources of
specialty information are referenced.
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Foreword

Each toxicological profile begins with a public health statement,
which describes in nontechnical language a substance’s relevant
toxicological properties. Following the statement is material that
presents levels of significant human exposure and, where known,
significant health effects. The adequacy of information to determine a
substance's health effects is described in a health effects summary.
Research gaps in toxicologic and health effects information are
described in the profile. Research gaps that are of significance to
protection of public health will be identified by ATSDR, the National
Toxicology Program of the Public Health Service, and EPA. The focus of
the profiles is on health and toxicological information; therefore, we
have included this information in the front of the document.

The principal audiences for the toxicological profiles are health
professionals at the federal, state, and local levels, interested
private sector organizations and groups, and members of the public. We
plan to revise these documents in response to public comments and as
additional data become available; therefore, we encourage comment that
will make the toxicological profile series of the greatest use.

This profile reflects our assessment of all relevant toxicological
testing and information that has been peer reviewed. It has been
reviewed by scientists from ATSDR, EPA, the Centers for Disease
Control, and the National Toxicology Program. It has also been
reviewed by a panel of nongovernment peer reviewers and was made
available for public review. Final responsibility for the contents and
views expressed in this toxicological profile resides with ATSDR.

M Reper

William L. Roper, M.D., M.P.H
Administrator
Agency for Toxic Substances and
Disease Registry
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1. PUBLIC HEALTH STATEMENT

1.1 WHAT IS LEAD?

Lead is a naturally occurring bluish-gray metal found in small
amounts in the earth’s crust. Lead and its compounds can be found in all
parts of the environment, for example, in plants and animals used for
food, air, drinking water, rivers, lakes, oceans, dust, and soil. Lead
in air can be carried long distances from where it is released. Lead in
the afr attaches to dust. The lead-containing dust is removed from the
air by rain. Lead stays in soil for many years. However, heavy rain can
cause lead-containing soil to move into water. At this time, lead and
lead compounds have been found at 635 out of 1,177 sites on the National
Priorities List of hazardous waste sites in the United States. As more
sites are evaluated by the Environmental Protection Agency (EPA), this
number may change.

Lead used by industry comes from mined ores or from recycled scrap
metal. In 1985, 20% of the world’s total production of lead was produced
by the United States. Lead has a wide range of uses. Its main use is in
the manufacture of storage batteries. Other uses include the production
of chemicals, including paint, gasoline additives, various metal
products (for example, sheet lead, solder, and pipes), and ammunition.

1.2 HOW MIGHT I BE EXPOSED TO LEAD?

You can be exposed to lead and lead compounds from breathing air,
drinking water, and eating soil or foods that contain lead. Breathing in
air with dust that contains lead or swallowing lead-containing soil such
as might be found at a hazardous waste site or near areas with heavy
automobile traffic are also sources of exposure. Another source of lead
exposure for children is from swallowing nonfood items such as chips of
lead-containing paint. This activity is known as pica (an abnormal
eating habit). Children who put toys or other items in their mouths may
also swvallow lead if lead-containing dust and dirt are on these items.
Touching dust and dirt containing lead can happen every day, but not
much lead passes through the skin. During normal use of lead-containing
products, very little skin contact takes place.

The single biggest source of lead in air is from vehicle exhaust.
Exposure to lead can also happen while pumping gasoline containing lead
additives or from breathing in leaded gasoline fumes. Other sources of
release to the air may include emissions from iron and steel production,
smelting operations, municipal waste incinerators, and lead-acid-battery
manufacturers. Lead is released to the air from active volcanoes,
windblown dust, and the burning of lead-painted surfaces. Cigarette
smoke i{s a source of lead, so people who smoke tobacco or who breathe in
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tobacco smoke may be exposed to more lead than people who are not
exposed to cigarette smoke.

The major sources of lead released to water are lead plumbing and
solder in houses, schools, and public buildings; lead-containing dust
and soil carried onto water by rain and wind; and wastewater from
industries that use lead. Lead is released to dust and soi{l from such
sources as lead-containing waste in municipal and hazardous waste dumps,
when fertilizers that contain sewage sludge are used, and from
automobile exhaust.

Food and beverages can contain lead if lead-containing dust gets
onto crops while they are growing and during food processing. Plants can
take up lead from soil such as might be found at a hazardous waste site
or near areas with heavy automobile traffic.

Workers may be exposed to lead in a wide variety of occupations
including smelting and refining industries, steel welding and cutting
operations, battery manufacturing plants, gasoline stations, and
radiator repair shops.

1.3 HOV DOES LEAD GET INTO MY BODY?

Lead can enter your body when you breathe in air with lead-
containing dust or particles of lead. Almost all of the lead in the
lungs enters the blood and moves to other parts of the body. In adults,
very little of the amount of lead swallowed in food, beverages, water,
and dust or soil enters the blood from the gastrointestinal tract and
moves to other parts of the body. However, when children swallow food or
soil containing lead such as might be found at a hazardous waste site or
chips of lead-containing paint, much more of the lead enters their blood
and moves to other body parts. Much less lead enters the body through
the skin than through the lungs or gastrointestinal tract. Regardless of
how lead enters your body, most of it is stored in bone. Because some
lead is stored in the body each time you are exposed, the levels of lead
in bone and teeth get higher as a person gets older. Lead that is not
stored in the body is removed in the urine and feces.

1.4 HOW CAN LEAD AND ITS8 COMPOUNDS AFFECT MY HEALTH?

The effects of lead once it is in the body are the same no matter
how it enters the body. However, exposure to lead is especially
dangerous for unborn children becsause their bodies can be harmed while
they are being formed. If a pregnant woman is exposed to lead, it can be
carried to the unborn child and cause premature birth, low birth weight,
or even abortion. Young children are at risk because they swallow lead
vhen they put toys or objects soiled with lead-containing dirt in their
mouths. More of the lead swallowed by children enters their bodies, and
they are more sensitive to its effects. For infants or young children,
lead exposure has been shown to decrease intelligence (IQ) scores, slow
their growth, and cause hearing problems. These effects can last as
children get older and interfere with successful performance in school.
These health effects can happen at exposure levels once thought to be
safe.
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The ability of lead to cause cancer in humans has not been shown.
To date, workplace studies do not provide enough information to
determine the risk of cancer for workers exposed to lead. However,
because laboratory animals fed lead in their diet throughout their lives
have developed tumors, lead should be thought of as a probable cancer-
causing substance in humans.

Exposure to high levels of lead can cause the brain and kidneys of
adults and children to be badly damaged. Lead exposure may increase
blood pressure in middle-aged men. It 1is not known if lead increases
blood pressure in women. Also, a couple may have trouble having children
if the man is exposed to lead because high levels of lead may affect his
sperm or damage other parts of the male reproductive systenm.

1.5 IS THERE A MEDICAL TEST TO DETERMINE IF I HAVE BEEN EXPOSED
TO LEAD?

The amount of lead in the blood can be measured to find out if you
have been exposed to lead. Lead in bone and teeth can be measured using
X-ray techniques, but this test is not used very often.

Exposure to lead can also be tested by measuring the amount of a
substance in red blood cells called erythrocyte protoporphyrin (EP).
This method is commonly used to test children for lead poisoning. The
level of EP in red blood cells is high when the amount of lead in the
blood is high. However, when blood lead levels are not extremely high,
EP test results may be within vhat are considered normal limits. Also,
other diseases, like some types of anemias, that affect red blood cells
can cause high EP levels.

1.6 VHAT LEVELS OF EXPOSURE HAVE RESULTED IN HARMFUL HEALTH EFFECTS?

The graph (Fig. 1.1) on the following page shows the relationship
between the amount of lead in the body and known health effects. The
anount of lead in the blood is measured in micrograms per deciliter
(pg/dL) and is a common way of showing the amount of lead in the body.

In the figure, the column on the left side contains known health
effects in laboratory animals and people for exposures of 14 days or
less; the column on the right side is for exposures longer than 14 days.
Because the levels of exposure to lead that cause damage to a man's
reproductive system and the levels that cause abortion in women are not
well known, they are not included in the figure.

1.7 WVHAT RECOMMENDATIONS HAS THE FEDERAL GOVERNMENT MADE TO PROTECT
HUMAR HEALTH?

The Centers for Disease Control (CDC) recommends that screening
(testing) for lead poisoning be included in health care programs for
children, especially those between the ages of 6 months and 9 years. If
a child is found to have high levels of lead (25 ug/dL or greater) and
EP (35 ug/dL or greater), medical treatment should be started without
delay and the source of the lead exposure should be identified and
removed. However, because there is concern that blood lead levels of 10
to 15 ug/dL might cause harm in children, the CDC is currently reviewing
their screening level for blood lead.
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To help protect small children whc might swallow chips of paint,
the Consumer Product Safety Commission (CPSC) does not allow the amount
of lead in most paints to be more than 0.06% lead. The CDC suggests that
inside and outside paint used in buildings where people live be tested
for lead. If the level of lead is high, the paint should be removed and
replaced with a paint that contains an allowable level of lead.

The Environmental Protection Agency (EPA) does not allow levels of
lead in drinking water to be more than 50 micrograms of lead per liter
of water (50 ug/L). It has been suggested that the amount of lead in
drinking water when it leaves the water treatment plant should not be
more than 5 ug/L. The EPA also suggests that public water systems treat
their water to decrease contamination from plumbing (pipes, solder,
etc.) if the level of lead in tap water that has been standing overnight
is more than 10 ug/L.

The CPSC, EPA, and the states are required by the 1988 Lead
Contamination Control Act to test drinking water in schools for lead and
to remove the lead if levels are too high. Drinking water coolers must
also be lead-free and any that contain lead have to be removed.

To limit the amount of lead people are exposed to in the air, the
EPA does not allow the amount of lead that the public breathes over
3 months to be more than 1.5 micrograms of lead per cubic meter of air
(1.5 pg/m3). The National Institute for Occupational Safety and Health
(NIOSH) recommends that workers not be exposed to levels of more than
100 ug/m3 for up to 10 hours.

Lead is released to the air with automobile exhaust. Because of
this, the EPA limits the amount of lead that can be in leaded gasoline
to 0.1 gram of lead per gallon of gasoline (0.1 g/gal), and in unleaded
gasoline to 0.05 g/gal.



2. HEALTH EFFECTS SUMMARY

This section will focus on lead in its inorganic form, which is the
predominant form of the element in the environment. Data and information
about the toxicologic and fate/transport properties of organolead
compounds, primarily alkyl lead, are presented in other sections of the
document. The data presented in those sections indicate that some of the
toxicologic effects of alkyl lead appear to be mediated through
metabolism to inorganic lead and that, during the combustion of
gasolines containing alkyl lead, significant amounts of inorganic lead
are released to contaminate the environment. However, alkyl lead
compounds per se do not appear to present a significant problem at waste
sites because their use is not likely to result in such disposal. The
limited data available on alkyl lead compounds indicate that the
toxicokinetic profiles and toxicological effects of these compounds are
qualitatively and quantitatively different from those of inorganic lead
(EPA 1985a).

2.1 INTRODUCTION

This section summarizes and graphs data on the health effects
concerning exposure to lead. The purpose of this section is to present
levels of significant exposure for lead based on key toxicological
studies, epidemiological investigations, and environmental exposure
data. The information presented in this section is critically evaluated
and discussed in Sect. 4, Toxicological Data, and Sect. 7, Potential for
Human Exposure.

This Health Effects Summary section comprises two major parts.
Levels of Significant Exposure (Sect. 2.2) presents brief narratives and
graphics for key studies {n a manner that provides public health
officials, physicians, and other interested individuals and groups with
(1) an overall perspective of the toxicology of lead and (2) a
summarized depiction of significant exposure levels associated with
various adverse health effects. This section also includes information
on the levels of lead that have been monitored in human fluids and
tissues and information about levels of lead found in environmental
media and their association with human exposures.

The significance of the sxposure levels shown on the graphs may
differ depending on the user's perspective. For example, physicians
concerned with the interpretation of overt clinical findings in exposed
persons or with the identification of persons with the potential to
develop such disease may be interested in levels of exposure assoclated
with frank effects (Frank Effect Level, FEL). Public health officials
and project managers concerned with response actions at Superfund sites
may want information on levels of exposure associated with more subtle
effects in humans or animals (Lowest-Observed-Adverse-Effect Level,
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LOAEL) or exposure levels below which no adverse effects (No-Observed-
Adverse-Effect Level, NOAEL) have been observed. Estimates of levels
posing minimal risk to humans (Minimal Risk Levels) are of interest to
health professionals and citizens alike.

Adequacy of Database (Sect. 2.3) highlights the availability of key
studies on exposure to lead in the scientific literature and displays '
these data in three-dimensional graphs consistent with the format in
Sect. 2.2. The purpose of this section is to suggest where there might
be insufficient information to establish levels of significant human
exposure. These areas will be considered by the Agency for Toxic
Substances and Disease Registry (ATSDR), EPA, and the Nat{onal
Toxicology Program (NTP) of the U.S. Public Health Service in order to
develop a research agenda for lead.

2.2 LEVELS OF SIGNIFICANT EXPOSURE

To help public health professionals address the needs of persons
living or working near hazardous waste gites, the toxicology data '
summarized in this section are organized first by route of exposure--
inhalation, ingestion, and dermal--and then by toxicological end points
that are categorized into six general areas--lethality, systemic/target
organ toxicity, developmental toxicity, reproductive toxicity, genetic
toxicity, and carcinogenicity. The data are discussed in terms of three
exposure periods--acute, intermediate, and chronic.

Two kinds of graphs are used to depict the data. The first type is
a "thermometer" graph. It provides a graphical summary of the human and
animal toxicological end points (and levels of exposure) for each
exposure route for which data are available. The ordering of effects
does not reflect the exposure duration or species of animal tested. The
second kind of graph shows Levels of Significant Exposure (LSE) for each
route and exposure duration. The points on the graph showing NOAELs and
LOAELs reflect the actual doses (levels of exposure) used in the key
studies. No adjustments for exposure duration or intermittent exposure
protocol were madse.

Adjustments reflecting the uncertainty of extrapolating animal data
to man, intraspecies variations, and differences between experimental vs
actual human exposure conditions were considered when estimates of
levels posing minimal risk to human health were made for noncancer end
points. These minimal risk levels were derived for the most sensitive
noncancer end point for sach exposure duration by applying uncertainty
factors. These levels are shown on the graphs as a broken line starting
from the actual dose (level of exposure) and ending with a concave-
curved line at its terminus. Although methods have been established to
derive these minimal risk levels (Barnes et al. 1987), shortcomings
exist in the techniques that reduce the confidence in the projected
estimates. Also lhovn on the graphs under the cancer end point are low-
level risks (10°% to 10-7) reported by EPA. In addition, the actual dose
(level of exposurs) associated with the tumor incidence is plotted.
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2.2.1 Key Studies

2.2.1.1 Based on external exposure levels

The database for lead is unusual in that it contains a great deal
of data concerning dose-effect relationships in humans. However, the
dose data for humans are generally expressed in terms of internal
exposure, usually measured as levels of lead in the blood. Human body
burdens of lead result from a combination of inhalation and oral
exposure (primarily to inorganic lead). Dose-effect data in terms of
external exposure levels or milligrams per kilogram per day (mg/kg/day)
doses of lead by a single route of exposure are not generally available
for humans. Most of the human data, therefore, cannot be displayed
graphically by the methods previously described; these data require a
different approach, based on blood lead levels, as described in
Sect. 2.2.1.2. Nonetheless, human data are the best basis for any
assessment of potential health effects from lead exposure to persons
living or working near hazardous waste sites. Experimental studies of
lead toxicity in animals provide support for observations in human
studies, with some consistency in types of effects and blood-lead-effect
relationships; however, animal data on lead toxicity are generally
considered less suitable as the basis for health effects assessments
than are the human data.

Data concerning dose-effect relationships in animals are available,
not only in terms of blood lead levels, but also in terms of external
exposure levels or mg/kg/day doses. The animal data can, therefore, be
displayed graphically by methods previously described. However, the
graphical presentation will be done primarily for consistency with other
documents in this series and is not recommended for use in assessing
possible health hazards to persons living or working near waste sites.
Also, three experimental studies of hematological effects in human
adults are available in terms of external exposure levels and are
presented with the animal data. Minimal risk levels are not displayed
because, as described in Sect. 2.2.1.2 on blood lead levels, no
thresholds have been demonstrated for the most sensitive effects in
humans.

Exposure data in the following animal studies were converted froa
dietary or drinking water concentrations to mg/kg/day dosages using EPA
(1986b) methods.

Inhalation. The only pertinent dose-effect data found in the
available literature were from an unpublished study of hematological
effects in humans and a study of the developmental toxicity to animals.
Griffin et al. (1975) exposed adult male volunteers to particulate lead
at 3.2 or 10.9 pg/n Pb in air virtually continuously (23 h/day) for 3
to 4 months; after 5 weeks of exposure, erythrocyte levels of delta
aminolevulinic acid dehydrase (ALA-D) decreased to -80 or ~53%,
respectively, of preexposure values. Mean blood lead lcveln increased
from 20 ug/dL (preexposure) to 27 ug/dL at the 3.2- pg/- exposurs level
and from 20 ug/dL (preexposure) to 37 ug/dL at the 10.9- p;/l3 sxposure
level. The 3.2-ug/m? (0.0032- I;/l ) exposure level is plotted as a LOAEL
in Figs. 2.1 and 2.2, but little confidence can be placed in this value
because both preexposure and exposure blood lead levels were relatively
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high; the dose-effect relationship between blood lead and ALA-D has been
reported to extend through the lowest blood lead levels detectable, 3 to
5 pug/dL (see Sect. 2.2.1.2 on blood lead levels).

Prigge and Greve (1977) reported that neternel and fetal ALA-D were
inhibited in rats exposed to 1, 3, and 10 n;/u Pb throughout gestation
(days 1 to 21), and fetal (but not maternal) body weight and hematocrit
were decreased at the 10- mg/n Pb level. The inhibition of ALA-D at
1 ng/n is plotted as a LOAEL for target organ effects (heme synthesis)
and developmental toxicity in Figs. 2.1 and 2.2. The LOAEL for
developmental toxicity is plotted under both acute and intermediate
exposure in Fig. 2.2 because it would be of concern for both durations.
The effect level for depression of fetal weight and hematocrit,

10 ng/n , 18 also shown in Fig. 2.1.

Oral, lethality. Lethality data for oral exposure, in terms of
external dose or exposure level, are limited to LDLO values. The lowest
LD1o for the dog is 191 mg/kg Pb; for the guinea pig, it is 313 mg/kg Pb
(Sax 1984). These effect levels are displayed in Figs. 2.3 and 2.4,

Oral, systemic/target organ toxicity. The end points of greatest
concern for human health, as discussed in Sect. 2.2.1.2, are heme
synthesis and erythropoiesis, neurobehavioral toxicity, cardiovascular
toxicity, and vitamin D metabolism and growth.

Heme synthesis and erythropoiesis. In humans of both sexes,
ingestion of lead acetate at 20 ug/kg/day Pb (0.02 mg/kg/day Pb) every
day for 21 days produced a decrease in erythrocyte ALA-D by day 3; the
decrease became maximal by day 14 and then remained constant through day
21. An increase in EP (erythrocyte protoporphyrin) occurred in females
but not in males 2 weeks after ingestion began. Blood lead levels were
~15 ug/dL before exposure, increasing to ~40 ug/dL after exposure.
Increased EP was seen in males at a higher dosage, 30 ug/kg/day Pb
(0.03 mg/kg/day Pb), observable after 2 weeks of ingestion (Stuik 1974).
Cools et al. (1976) reported similar results in men who ingested lead
acetate initially at a dosage of 30 ug/kg/day Pb and then later at 20
pg/kg/day or less as necessary to maintain a blood lead level of 40
#g/dL; the mean preexposure blood lead level was 17.2 ug/dL. The LOAELs
from the Stuik (1974) study are shown in Figs. 2.3 and 2.4, but little
confidence should be placed in these LOAELs because, as noted in the
inhalation study on humans previously discussed, even the preexposure
blood lead levels in these studies are relatively high.

In rats fed lead acetate in the diet for 2 years, no effects on
heme synthesis parameters were seen at 10 ppm lead (0.5 mg/kg/day Pb)
(which did not increase blood lead levels above control values),
significant inhibition of ALA-D occurred at 250 ppm lead (2.5 mg/kg/day
Pb), and significant decreases in hemoglobin level and hematocrit
occurred at 21,000 ppm lead (50 mg/kg/day Pb) (Azar et al. 1973). In
dogs fed lead acetate in the diet, no effects on heme synthesis were
seen at x50 ppm lead (1.25 mg/kg/day Pb) (Azar et al. 1973). Inhibicion
of ALA-D occurred at 2100 ppm lead (2.5 mg/kg/day Pb), and no effect on
hemoglobin or hematocrit was seen up through the highest exposure
tested--500 ppm lead (12.5 mg/kg/day Pb) (Azar et al. 1973). The NOAELs
and LOAELs from this study are shown in Figs. 2.3 and 2.4.
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Neurobehavioral toxicity. Delays in reflex development were seen
in rats treated with 45 mg/kg/day Pb as lead acetate at 3 to 21 days old
(~3 weeks) (Kishi et al. 1983). Poorer performance on a spatial
discrimination task was reported in rats fed 25 ppm lead (1.25
ng/kg/day) as lead acetate in the diet through 7 months of age
(Schlipkoter and Winneke 1980). Monkeys given 0.05 mg/kg/day Pb as a
soluble lead compound 5 days/week from birth through testing at 3 to 4,
6 to 7, and 9 to 10 years of age performed significantly less well in
learning discrimination-reversal and delayed alternation (Rice 1985a,b;
Gilbert and Rice 1987). These values are plotted as LOAELs in Figs. 2.3
and 2.4; NOAELs for these end points were not available.

Cardiovascular effects. 1In rats administered lead acetate at
25 ppm of lead (3.5 mg/kg/day Pb) in the drinking water for 5 months,
there was no effect on blood pressure (Victery et al. 1982). Rats
exposed to lead acetate at 50 ppm lead (7 mg/kg/day Pb) in the drinking
water for 160 days had markedly increased blood pressures (Iannaccone et
al. 1981). The NOAEL and LOAEL are shown in Figs. 2.3 and 2.4. Rats
glven 1% lead acetate in the drinking water (~6,370 ppm lead, 892
mg/kg/day Pb) for 6 weeks had ultrastructural changes in the myocardium,
including myofibrillar fragmentation and mitochondrial swelling (Asokan
1974); this effect level is shown in Fig. 2.3.

Interference with vitamin D metabolism. The only pertinent study
reported a depression of plasma levels of 1,25-dihydroxyvitamin D in
rats fed lead acetate at 0.82% lead in the diet for 7 days (410
mg/kg/day Pb) (Smith et al. 1981). This effect level is shown in Fig.
2.3.

Effects on growth. A review (EPA 1986a) of 65 pertinent animal
studies concluded that low-level exposure to lead during prenatal or
early postnatal life results in retarded growth in the absence of overt
signs of toxicity; this review did not attempt to establish dose-effect
relationships.

Other end points. Other end points in animals for which external
dose data are available are renal toxicity, which does not appear to be
a sensitive end point for lead toxicity in humans, and immune effects,
which have not been observed in immune function studies in humans
(adults and children) at blood lead levels higher than those that
produced changes in the immune systems of rats. In rats exposed to lead
acetate in the drinking water through the dams during gestation and
lactation, and then directly until 9 months of age, the NOAEL for renal
effects vas 0.5 ppm lead (0.07 mg/kg/day Pb), and the LOAEL for renal
effects (cytomegaly in the proximal tubule cells) was 5 ppm lead
(0.7 mg/kg/day Pb) (Fowler et al. 1980). The NOAEL and LOAEL for renal
effects are shown in Fig. 2.3. Rats exposed to lead acetate in the
drinking water at 25 ppm lead (1.25 mg/kg/day Pb, LOAEL) (see Fig. 2.3),
indirectly through their dams as described above and then directly until
testing at 35 to 45 days of age (total ~2 months), had marked depression
of antibody responses to shesp red blood cells, decreased serum IgG
levels, decreased lymphocyte responsivensss to mitogen stimulationm,
impaired and delayed hypersensitivity reactions, and decreased thymus
weights (Luster et al. 1978, Faith et al. 1979). A NOAEL was not
fidentified.
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"~ Orsl, developmental toxicity. Twenty-three oral teratogenicity
studies in rats and mice have provided no evidence that oral exposure to S’
lead causes malformations.

The offspring of mice treated with lead acetate at 5 ppm lead in
their drinking water (0.95 mg/kg/day Pb) during gestation and lactation
had delays in the development of the righting reflex (Reiter et al.
1975). Treatment of rats with lead acetate at 5 ppm lead in the drinking
water (0.7 mg/kg/day Pb) for the first 18 or 21 days of pregnancy
resulted in decreased fetal (but not maternal) hematocrits and
hemoglobin levels (Hayashi 1983). These LOAELs are plotted in Figs. 2.3
and 2.4 under both acute and intermediate exposure because they would be
of concern for both durations.

Oral, reproductive toxicity. The administration of lead acetate in
the drinking water to rats, both indirectly through the dams during
gestation and lactation and then directly, produced no effects on
females exposed to 5 ppm lead (0.7 mg/kg/day Pb) and delayed vaginal
openings in females exposed to 25 ppm lead (3.5 mg/kg/day Pb) (Grant et
al. 1980). A lower level of oral dosing with lead acetate, 5 ug lead per ‘
day (0.014 mg/kg/day Pb), for 30 days produced higher blood lead levels
than in the study by Grant et al. (1980) and caused irregular estrous
cycles in female rats and no reproductive effects in male rats
(Hilderbrand et al. 1973). Testicular damage was seen in male rats
treated orally with lead acetate at 100 ug lead per day (0.29 mg/kg/day
Pb) for 30 days (Hilderbrand et al. 1973). The NOAEL and LOAELs from the
study of Hilderbrand et al. (1973) are shown in Figs. 2.3 and 2.4.

Oral, genotoxicity. See Sect. 2.2.1.2 for a summary of available
data. —

Oral, carcinogenicity. In the most adequate study available, rats
exposed to lead acetate at 500 ppm lead (25 mg/kg/day Pb) in the diet
for 2 years had statistically increased incidences of kidney tumors
(Azar et al. 1973). This effect level is shown in Fig. 2.4. The study
was not sensitive enough to detect increased incidences of kidney tumors
at lower dietary levels.

Dermal. Pertinent dose-effect data were not found in the available
literature.

2.2.1.2 Based on blood lead levels

As previously mentioned, the database for lead is unusual in that
it contains a great deal of dose-effect data for humans. These data come
primarily from studies of occupationally exposed groups and the general
population. Most of the exposure or dose data are in terms of internal
exposure, usually measured as levels of lead in the blood. Human
exposure to lead occurs through a combination of inhalation and oral
exposure, with inhalation contributing a greater proportion of the dose
for occupationally exposed groups and the oral route contributing a
greater proportion of the dose for the general population. As can be
seen in Sect. 4.3, the effects of lead are the same regardless of the
route of entry into the body, and they are correlated with internal
exposure as blood lead level. For these reasons, this section of the
profile will not attempt to separate dose data by routes of exposure,
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but will present it in terms of blood lead levels. Minimal risk levels
are not indicated on figures showing levels of significant exposure,
because no thresholds have been demonstrated for the most sensitive
effects in humans.

The relationship between envirommental lead concentrations and
blood lead levels is complex. Slope estimates that predict the increase
in blood lead levels that would occur with unit increases in
concentrations of lead in air, food, water, and soil are presented in
Sect. 2.2.3. In addition, the relative direct (inhaled air) and indirect
(ingested dust with lead deposited from air) contributions of air lead
to blood lead levels at different air lead levels are tabulated for the
calculated typical background levels of lead in food, water, and dust
for children in the United States (see Sect. 2.2.3 on Environmental
Levels as Indicators for Exposure and Effects). This tabulation is
intended to provide an overall perspective on which routes of exposure
are most significant in terms of contributions to blood lead levels.

Levels of lead in soil and dust are of particular importance as
sources of exposure in children. The CDC (1985) stated that
concentrations of lead in soil or dust >500 to 1,000 ug/g result in
blood levels in children that exceed background levels.

Lethality. According to the NAS (1972) compilation of data from
Chisolm (1962, 1965) and Chisolm and Harrison (1956), death from lead
poisoning occurred in children at blood lead levels 2125 ug/dL. The
deaths occurred in children who had severe encephalopathy. The duration
of exposure associated with this effect is not clear; however, it seems
to have been on the order of a few weeks or more, and, in some cases, it
may have been acute. This data point is plott:d as a LOAEL for lethality
in Figs. 2.5 and 2.6 (acute and intermediate exposure).

Mortality rates (all causes combined) for lead workers exposed
occupationally for at least 1 year wers slightly but significantly
higher than expected (Cooper et al. 1985). Blood lead levels in these
workers were 63 ug/dL (battery workers) and 80 ug/dL (production
workers). It should be noted that blood lead levels were determined only
for some of the men and not for the entire duration of exposure, and
control for confounding exposures and smoking was lacking. The lower of
the two values is plotted as a LOAEL for decreased longevity--in adults
in Figs. 2.5 and under chronic exposure in Fig. 2.6.

Few lethality data are available for animals, and these data either
do not include blood lead values (see Sect. 2.2.1.1) or do not clearly
indicate a NOAEL or LOAEL (Azar et al. 1973).

Systemic/target organ toxicity. The end points most sensitive to
low-level exposure to lead are neurobshavioral deficits and growth
retardation in young children and hypertension in middle-aged men.
Effects on heme synthesis also occur at very low exposure levels, but
there is some controversy as to the toxicological significance of a
depression in ALA-D activity in the absence of a detectable effect on
hemoglobin levels. The EPA (1986a) and ATSDR (1988) are concerned that
the emerging evidence of a constellation of effects, including
inhibition of ALA-D activity and pyrimidine-5’-nucleotidase activity and
reductions in serum 1,25-dihydroxyvitamin D levels, is indicative that
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low-level lead exposure has a far-reaching impact on fundamental
enzymatic, energy transfer, and calcium homeostatic mechanisms in the
body, which are expressed through subtle effects on neurobehavioral
indices, growth, and blood pressure.

Accordingly, this section on systemic/target organ toxicity will
deal with the dose-effect data for the following end points: heme
synthesis and erythropoiesis, neurobehavioral toxicity, cardiovascular
toxicity, and effects on vitamin D metabolism and growth. Dose (as blood
lead)-effect data are also available for renal and gastrointestinal
effects in humans; these less-sensitive end points are reviewed in
Sects. 4.3.2.4 and 4.3.2.8. Although immune system effects have been
seen in rats at moderately elevated blood lead levels, the available
human data indicate that the immune system is not affected at the same
or somewhat higher blood lead levels (see Sect. 4.3.2.7).

Heme synthesis and erythropoiesis. Low-level lead exposure is
assoclated with inhibition of erythrocyte ALA-D activity. The inverse
correlation of blood lead level with ALA-D is seen at very low blood
lead levels (down to the lowest observed blood lead values of ~3 to
S ug/dL) and occurs in adults (from both occupationally exposed and the
general populations) as well as children (Secchi et al. 1974, Wada et
al. 1973, Hernberg and Nikkanen 1970, Chisolm et al. 1985, Roels et al.
1976). This finding is indicated as a LOAEL for ALA-D (see Fig. 2.5) and
as the LOAEL for interference with heme synthesis (see Fig. 2.6),
possibly occurring at <10 ug/dL. Duration of exposure was intermediate
to chronic. ALA-D inhibition has also been reported after acute exposure
(Stuik 1974, Cools et al. 1976), but blood-lead-effect relationships for
acute exposure are not well established.

Accumulation of EP or 2PP (zinc protoporphyrin) occurs at
thresholds of ~25 to 30 ug/dL Pb in men and ~15 to 20 ug/dL Pb in women,
based on the evaluation by the EPA (1986a) of a large number of studies
of occupationally exposed persons and the general population. The
threshold for this effect in children (EPA 1986a, ATSDR 1988, Grant and
Davis 1987) is ~15 ug/dL (Roels et al. 1976; Piomelli et al. 1977, 1982;
Rabinowitz et al. 1986; Hammond et al. 1985) (and may be lower in the
presence of iron deficlency). These values are shown as LOAELs for EP in
Fig. 2.5. '

The EPA (1986a) concluded that inhibition of erythrocyte
pyrimidine-5’'-nucleotidase activity may occur in workers at blood lead
levels of 244 ug/dL, based on the data of Paglia et al. (1975) and Buc
and Kaplan (1978). In children, the inverse correlation of blood lead
level with the activity of this enzyme continued (without indication of
a threshold) down through the lowest blood levels of ~7 ug/dL, based on
the data of Angle and McIntire (1978) and Angle et al. (1982). Both
values are shown as LOAELs in Fig. 2.5. In Fig. 2.6, the LOAEL for
children is shown as the more sensitive effect, possibly occurring at
<10 ug/dL, under intermediate and chronic exposure.

High-level exposure to lead results in reduced hemoglobin levels
and frank anemia in adults at blood lead levels as low as 50 and
80 ug/dL, respectively (EPA 1986a evaluation of Tola et al. 1973,
Grandjean 1979, Lilis et al. 1978, Wada et al. 1973, Baker et al. 1979),
and in children at blood lead levels as low as 40 and 70 xg/dL,
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respectively (WHO 1977, EPA 1986a evaluation of Adebonojo 1974, Rosen et
al. 1974, Betts et al. 1973, Pueschel et al. 1972). These LOAELS for
hemoglobin and anemia are depicted in Fig. 2.5.

Dose-effect data for hematological effects in animals are available
from the 2-year lead acetate feeding atudies of Azar et al. (1973). In
the rat, no effects on heme synthesis parameters were seen at the lowest
exposure level, 100 ppm lead in the diet, which did not elevate blood
lead (11.0 ug/dL) above control levels (12.7 ug/dL). Inhibition of ALA-D
occurred at blood lead levels 218.5 ug/dL; decreases in hemoglobin level
and hematocrit occurred at 98.6 uwg/dL. In the dog, no effects were seen
on heme synthesis at a blood lead level of 31.5 ug/dL, inhibition of
ALA-D occurred at 42.5 ug/dL, and no decrease in hemoglobin or
hematocrit was observed even in the highest dosage group, with a mean
blood lead level of 75.8 ug/dL. All these values are included in Fig.
2.5, whereas only the NOAEL in dogs and the most sensitive heme effect,
ALA-D, are shown in Fig. 2.6 under chronic exposure,.

Neurobehavioral toxicity. Based on an evaluation of 28 studies of
peripheral nerve function that measured nerve conduction velocity (NCV)
in lead workers, the EPA (1986a) concluded that NCV is slowed at blood
lead levels <70 ug/dL and possibly as low as 30 ug/dL (Seppalainen et
al. 1983). Neurological symptoms occurred in workers with blood lead
levels of 40 to 60 ug/dL (Haenninen et al. 1979, Baker et al. 1979,
Zimmerman-Tansella et al. 1983). These LOAELs are shown in Fig. 2.5.

In children, neurobehavioral impairment, including IQ deficits of
~5 points, is associated with mean blood lead levels of 50 to 70 ug/dL
(de la Burde and Choate 1972, Rummo 1974, Rummo et al. 1979), and IQ
deficits of ~4 points are associated with blood lead levels of 30 to 50
pg/dL [estimated from dentine lead values and other data by EPA (1986a)]
(Needleman et al. 1979). Significant inverse linear associations between
cognitive ability and blood lead, with no evident threshold down to the
lowest blood lead levels of ~6 ug/dL, have been reported in two
different populations of children (Hawk et al. 1986, Fulton et al.
1987). The mean blood lead level of the highest lead group in the Fulton
et al. (1987) study was 22.1 ug/dL, suggesting that IQ deficits are
related to lead exposures of <25 ug/dL (ATSDR 1988). Accordingly, 50,
30, 22, and possibly <10 ug/dL are plotted as LOAELs for IQ effects in
Fig. 2.5, and the lover two values are shown in Fig. 2.6 for
intermediate and chronic exposure. Additional evidence associating
neurobehavioral deficits with blood lead values of ~10 to 15 ug/dL (or
possibly lower) can be found in the following section on developmental
toxicity. '

Hearing thresholds in children appear to be adversely affected by
lead (Robinson et al. 1985, Schwartz and Otto 1987). Robinson et al.
(1985) reported that hearing thresholds increased linearly with maximum
historical blood lead levels of 6.2-56.0 ug/dL. In the analysis of
NHANES II data by Schwartz and Otto (1987), the probability of elevated
hearing thresholds increased with increasing blood lead levels across
the entire range of levels studied (<4 to >50 ug/dL). Other
electrophysiological changes occur in children at blood lead levels of
15 to 30 ug/dL and possibly lower. These include altered slow-wave
voltage during condiEioning and altered evoked potentials and NCVs (Otto
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et al. 1981, 1982, 1985; Otto 1986; Robinson et al. 1987; Winneke et al.
1984; Landrigan et al. 1976; Schwartz et al. 1988). These values

(15 pg/dL for electrophysiological, 20 for NCV, and <10 ug/dL for
hearing) are shown in Figs. 2.5 and 2.6 as LOAELs for intermediate and
chronic exposure.

High-level exposure to lead produces encephalopathy, a life-
threatening condition, in both adults and children. As evaluated by the
EPA (1986a), this condition has been noted in some individuals at blood
lead levels as low as 100 to 120 ug/dL in adults (Smith et al. 1938;
Kehoe 196la,b,c) and 80 to 100 ug/dL in children (NAS 1972 compilation
of data from Chisolm 1962, 1965; Chisolm and Harrison 1956; Smith et al.
1938; Gant 1938; Bradley et al. 1956; Bradley and Baumgartner 1958;
Cumings 1959; Rummo et al. 1979). Blood lead values of 100 ug/dL
(adults) and 80 ug/dL (children) are shown as effect levels for
encephalopathy in Fig. 2.1.

Neurobehavioral effects have been detected in animals at low blood
lead levels resulting from the oral administration of lead. Delays in
reflex development were seen at blood lead levels of 59 ug/dL in rats
treated with lead acetate for ~3 weeks (Kishi et al. 1983). Slower
learning and higher rates of inappropriate responses on various reversal
and operant learning tasks were observed in rats at blood lead levels as
low as 15 to 20 ug/dL (Cory-Slechta et al. 1985, Schlipkoter and Winneke
1980). The treatment duration ranged from 30 days to ~7 months. Impaired
learning of discrimination reversal and delayed alternation tasks was
observed at 3 to 4, 6 to 7, and 9 to 10 years of age in monkeys at blood
lead levels of 10.9 to 15.4 ug/dL (Rice 1985a,b; Gilbert and Rice 1987).
The monkeys had received lead acetats from birth through the time of
testing. All values (59 ug/dL--rat, reflexes; 15 ug/dL--rat, learning;
10.9 ug/dL--monkey, learning) are plotted as LOAELs in Fig. 2.5. The
lowest rat value and monkey valus are plotted in Fig. 2.6. Dose-effect
data for encephalopathy in animals were not encountersd.

Cardiovascular effects. In an evaluation of a number of
occupational and general population studies of possible relationships
between blood lead levels and hypertension, the EPA (1986a) concluded
that levels of ~30 ug/dL were associated with a modest increase in blood
pressure, particularly systolic, in men (Weiss et al. 1986, Orssaud et
al. 1985, Pocock et al. 1984). Additional evidence, from the NHANES II
study (Harlan et al. 1985, Pirkle et al. 1985) and the British Regional
Heart Study (Pocock et al. 1984, 1985), indicates small but significant
direct associations between blood lead levels and blood pressure in
middle-aged men (40 to 59 years old), with no apparent threshold through
<10 pg/dL (EPA 1986a). These data are indicated as LOAELs for chronic.
exposure (see Fig. 2.1 and 2.2).

As presented in the general discussion of cardiovascular toxicity
(Sect. 4.3.2.3), there appears to be some consensus that epidemiological
studies of the general population indicate that a doubling of blood lead
level is associated with an increase of ~1-2 mm Hg in systolic blood
pressure, but there is some controversy regarding the inference of a
causal relationship between blood lead and blood pressure based on these
studies (Victery et al. 1988).
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Rats administered lead orally for 4 to 5 months showed no effect on
blood pressure at blood lead levels of 18.2 ug/dL (NOAEL) (Victery et
al. 1982) and marked increases in both systolic and diastolic pressures
at 38.4 ug/dL (LOAEL) (lannaccone et al. 1981).

Interference with vitamin D metabolism. Rosen et al. (1980)
reported that children with blood lead levels >33 ug/dL (LOAEL) have
significant depressions in circulating 1,25-dihydroxyvitamin D, the
hormonal form of vitamin D. A strong inverse correlation between blood
lead levels and serum 1,25-dihydroxyvitamin D was observed over the
entire range of blood lead levels measured in the study, 12 to
120 ug/dL. The LOAEL and low end of the correlation range are shown in
Figs. 2.5 and 2.6. The evidence indicated that lead interfered with the
production of the vitamin D hormone by renal l-hydroxylase (Rosen et al.
1980, 1981; Mahaffey et al. 1982). Lead'’s interference with vitamin D
metabolism may occur at the level of heme synthesis, since renal 1-
hydroxylase is a complex cytochrome P-450 system, of which heme is a
constituent (EPA 1986a).

Effects on growth. Analysis of NHANES II data for children
<7 years old by Schwartz et al. (1986) revealed that blood lead level
(range, 4 to 35 ug/dL) was inversely correlated with childrens’ height,
weight, and chest circumference and was a significant predictor of these
growth indices. The strongest association was that of blood lead and
height. There was no evidence of threshold through the lowest-observed
blood lead concentration. These data are indicated as a LOAEL, possibly
occurring at <10 ug/dL.

Additional evidence indicating an inverse relationship between
birth weight or postnatal growth and blood lead levels is presented in
the following section on developmental toxicity.

Developmental toxicity. The available human data allow no
definitive conclusions regarding an association between prenatal lead
exposure and congenital anomalies in humans (ATSDR 1988, EPA 1986a,
Davis and Svendsgaard 1987). The animal data--one inhalation study and
23 oral studies--indicate that lead compounds are not teratogenic when
exposure occurs by natural routes.

Prenatal exposure to lead, however, produces toxic effects on the
human fetus, including reductions in gestational age, birth weight, and
mental development. These effects occur at relatively low blood lead
levels. Moore et al. (1982), McMichael et al. (1986), and Dietrich et
al. (1986, 1987b) reported significant inverse correlations between
maternal (or cord) blood lead levels and gestational age. Based on risk
estimates of McMichael et al. (1986), the risk of preterm delivery
increases by approximately fourfold as cord or maternal blood lead level
increases from <8 to >14 ug/dL. Dietrich et al. (1986, 1987a) and
Bornschein et al.- (1987) reported a significant inverse association
between prenatal maternal blood lead levels and birth weight in the
Cincinnati study, with the effect apparent at blood lead levels as low
as 12 to 13 ug/dL. Additional follow-up of infants from the Cincinnati
study indicated that postnatal growth rates of infants whose mothers had
blood lead levels 27.7 ug/dL were inversely correlated with postnatal
increases in blood lead levels from 3 to 15 months of age (Shukla et al.
1987). The data of Bellinger e~ sl. (1984), while not quite
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statistically significant, provide some support for an effect of lead on
birth weight, as do the results of Ward et al. (1987), which show
statistically significant inverse correlations between placental lead
levels and birth weight and head circumference.

Bellinger et al. (1987a) reported significant deficits of 4.8
points on the Bayley Mental Development Index (MDI) at ages 6 to 24
months in children whose blood lead level at birth was 10 to 25 ug/dL,
in comparison with children whose blood lead level at birth was <3
pg/dL. These findings are supported by the data of Dietrich et al.
(1987a), who reported inverse correlations between prenatal or neonatal
blood lead levels (range 1 to ~25 ug/dL) and MDI at 3 or 6 months of
age. Additional evidence is provided by the data of Ernhart et al.
(1985, 1986) and Wolf et al. (1985), which indicated that neonatal
performance on a Neurological Soft Signs scale was related to cord blood
lead levels, and that lowered MDI scores at 1 year of age may have been
an indirect effect of cord blood lead on Neurological Soft Signs (EPA
1986a, Davis and Svendsgaard 1987). These effects were significantly
correlated with cord blood lead levels that averaged 5.8 ug/dL and
ranged up to only 14.7 ug/dL. Additional analysis follow-up through
3 years showed an association of maternal (but not cord) blood lead with
MDI, PDI, and KID at 6 months (Ernhart et al. 1987). Winneke et al.
(1985a,b) found that errors in the Wiener Reaction Performance test were
assoclated with maternal blood lead levels averaging 9.3 ug/dL and cord
blood lead levels averaging 8.2 ug/dL; most of the blood lead levels
were <15 ug/dL. On the basis of this evidence, ATSDR (1988), EPA
(1986a), Davis and Svendsgaard (1987), and Grant and Davis (1987)
concluded that neurobehavioral deficits and reductions in gestational
age and birth weight are associated with prenatal internal exposure
levels, indexed by maternal or cord blood lead concentrations of ~10 to
15 ug/dL and possibly lower. The range of 10 to 15 ug/dL (and possibly
lower) is shown as a LOAEL for developmental toxicity in Figs. 2.5 and
2.6. '

Some of the studies of neurobehavioral and developmental effects
discussed in this section on developmental toxicity and in a previous
section on neurobehavioral toxicity have been criticized for
methodological flaws, including handling of cofactors (EPA 1986a,
Ernhart 1988). Additional studies that report no effects at low blood
levels have also been criticized for methodological flaws (Needleman
1987, Needleman and Bellinger 1987). ATSDR (1988) and EPA (1986a) have
taken criticisms of the positive findings, as well as the existence of
negative findings, into account and have concluded that the
neurobehavioral and developmental effects seen at low blood lead levels
are nonetheless cause for concern.

In rats, significant delays in reflex development occurred in pups
vhose prenatal and early postnatal exposure level vas 35 ug/dL (LOAEL);
the NOAEL for this effect was 22 ug/dL (Grant et al. 1980, Kimmel et al.
1980). These points are displayed in Figs. 2.5 and 2.6.

Reproductive toxicity. Lancranjan et al. (1975) and Wildt et al.
(1983) studied the fertility of occupationally exposed men. Data from
sperm analysis indicated decreased fertility at blood lead levels of 40
to 50 ug/dL (LOAEL), although it was recognized that these studies have
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some deficlencies (EPA 1986a). The LOAEL of 40 ug/dL is shown in Figs.
2.5 and 2.6.

Data from older literature indicate that high-level exposure to
lead may cause abortion in pregnant women, but the studies were
methodologically inadequate and did not provide dose-effect information
(EPA 1986a). McMichael et al. (1986) reported a higher incidence of
miscarriage and stillbirth among pregnant women living in the lead-
smelter town of Port Pirie than in pregnant women living outside the
town. Maternal blood lead levels were lower in the cases of stillbirth
than in the cases of live birth, but fetal and placental levels in this
and another study (Wibberly et al. 1977) were higher than in cases of
normal birth.

Data from oral studies in rats indicate the following dose-effect
relationships (Figs. 2.5 and 2.6) in terms of blood lead levels: a NOAEL
of 9 to 16 ug/dL and a LOAEL of 18 to 29 ug/dL for reproductive effects
in females (delayed vaginal opening) (Grant et al. 1980); and a NOAEL of
19 ug/dL and LOAEL of 30 ug/dL for reproductive effects in males
(testicular damage) (Hilderbrand et al. 1973).

Genotoxicity. The results for genotoxicity in mammalian systeams in
vivo and in vitro have conflicted, although the weight of evidence
suggests a clastogenic effect of lead (EPA 1986a). Tests for
mutagenicity in microbial systems have consistently given negative
results, but these systems are not sensitive to other metals that are
known carcinogens (EPA 1986a).

Carcinogenicity. Epidemiological studies of lead workers were
inadequate to demonstrate or refute the potential carcinogenicity of
lead to humans (EPA 1988a).

The EPA (1988a) concluded that lead and inorganic lead compounds
are carcinogenic to animals, but that the data are not appropriate for
quantitative risk assessment. The most adequate animal study was that of
Azar et al. (1973), in which rats exposed to 500 ppm lead in the diet
for 2 years had statistically increased incidences of kidney tumors
(Azar et al. 1973). The mean blood lead level for this group at 2 years
was 77.8 pug/dL (LOAEL; see Fig. 2.4). The study was not sensitive enough
to detect increased incidences of kidney tumors at lower dietary levels.

2.2.2 Biological Monitoring as a Measurs of Exposure and Effects

As discussed in Sect. 8, lead can be measured in blood, hair,
teeth, bones, and urine. The lead level in urine is of questionable
value as an indicator of exposure because of the lack of correlation
between urinary lead levels and central nervous system (CNS) effects, in
addition to the low and variable urinary excretion of lead (Jensen
1984). The Biological Exposure Index (BEI) for lead in urine, which
represents a warning level of lead in the urine of exposed workers
regardless of whether lead was inhaled, ingested, or absorbed via skin,
is 150 ug/g creatine (ACGIH 1987). Hair as an indicator of exposure to
lead offers the advantage of being a noninvasive stable medium, but
external surface contamination problems are such that it is difficult to
differentiate between externally and internally deposited lead (EPA
1986a). The determination of urinary lead following chelation with
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calcium disodium EDTA, which mobilizes tissue lead and leads to
increased urinary excretion of lead, may be a good indicator of the lead
body burden (Janin et al. 1985, Ibels and Pollock 1986), but this test
has not been empirically validated. Furthermore, recent work by Cory-
Slechta et al. (1987) indicates that diagnostic calcium disodium EDTA
chelation may increase the levels of lead in the liver and brain,
raising serious concern about continued use of calcium disodium EDTA as
a diagnostic tool in children. Since teeth accumulate lead up to the
time of shedding or extraction, levels of lead in shed teeth are
valuable in assessing exposure at remote time points. The determination
of lead in shed teeth, however, is retrospective and of little value in
monitoring current exposure. The measurement of lead in teeth in situ
may be a more valuable indicator of lead exposure (EPA 1986a). The
development of a noninvasive technique using X-ray fluorescence to
determine lead in bone (Ahlgren et al. 1976) may prove to be a valuable
indicator of the body burden of lead (Jones et al. 1987, Mattson et al.
1987, Rosen et al. 1987, Somervaille et al. 1987). Measurement of lead
in blood is the most common method of assessing exposure. The half-life
of lead in human blood is 28 to 36 days (Griffin et al. 1975, Rabinowitz
et al. 1976); thus, levels of lead in blood reflect relatively recent
exposure compared with levels of lead in teeth, which continue to
accumulate lead over time. Because lead cycles between the blood and
bone, a single blood lead determination cannot distinguish between
exposure to a given level for an extended period of time from a previous
exposure to a high level that would result in the same blood level due
to recycling from bone. As reviewed by EPA (1986a), the relationship of
lead levels in air, food, and water to levels in blood is curvilinear,
such that the increase in blood concentration is less at high exposure
levels than at low exposure levels. This behavior may reflect changes in
tissue lead kinetics, reduced lead sbsorption, or increased excretion,
such that blood lead may be an imperfect measure of tissue lead burdens
and of changes in tissue levels in relation to changes in external
exposure (EPA 1986). Despite the limitations of blood levels in indexing
tissue burden and exposure changes, blood lead nevertheless remains the
one readily accessible measure that can demonstrate in a relative wvay
the relationship of various effects to increases in exposurs. The BEI
for lead in blood of exposed workers is 50 ug/dL (ACGIH 1987). As
documented in Sect. 8, the limit for detecting lead in blood in most
clinical laboratories is 3 to 5 ug/dL.

Table 2.1, compiled by EPA (1986a), presents the lowest-observed-
effect levels in terms of blood lead concentrations associated with
particular health effects of concern for human adults. The blood levels
represent the threshold for effects seen in at least some adults;
therefore, becauss of individual variations in sensitivity, many
individuals may not experience the stated effect until much higher blood
levels are reached.

Table 2.2 presents the lowest-observed blood levels associated with
a variety of health effects observed in children (EPA 1986a). It 1is
clear from Tables 2.1 and 2.2 that there is a continuum of bioclogical
effects associated with lead across a broad range of exposures.
Documentation for the dose-effect relationships shown in Tables 2.1 and
2.2 is provided in Sect. 4.3,



Tuble 2.1. Summery of lowest-choarved-effect lovels for key load-induced hoalth offects in aduite

Lowest-cbsorved-
offect lovel (POD)* Hems synthesis aad Reproductive fuaction  Cardiovascular
(pg/dL) hematological effects Neurological effects Effects on the kidaoy offects offocts
100-120 Eacephalopathic signe Chronic nephropathy
and symptoms
80 Frask anemia
60 N Female reproductive
t effocts
50 Reduced hemogiobia Overt subsacephalopathic Altered testicular
{ t-

25-30

15-20

<10

Incroased wrisary ALA Peripheral necve dysfuaction _ —_—
and elevated coproporphyrine (W“V:m)

S Elevated blood
preasure
(Whitc males,

Erythrocyte protoporphyrin aged 40-59)
(EP) clevation ia males
Erythrocyte protoporphyria
(EP) clevation in fomales
ALA-D inhibition ?

“PbB = Blood lead concontrations.
Sowrce: EPA 1986e.

LIvummg $300JFF YITwoH

LT



Table 2.2. Summery of lowest-chosrved-effect lovels for key lead-induced hoaith effects In children

Lowest-chesrved-
effect lovel (PUB)* Home synthosis and Nourological and related Gastroiatestinal
(xg/dL) homatological effects offects Roaal systom offects effocts
80-100 Encephalopathic signs Chroaic nephropathy Colic and other overt
and symptoms (aminoaciduria, etc.)  gastrointestinal symptoms
70 Fraak asemis
60 Peripheral ncuropathies —_—
0 |
17
) Reduced homogiobin Periphoral nerve dysfuaction
synthosis (slowed NCVs)
Elevated coproporphyria CNS oogaitive effects
(1Q deficits, etc.)
Incroased wrisary ALA |
3 ? Vitamin D motabolism
intesforonce

[}

Erythrocyte protoporphyria  Altered CNS olectrophysiological
oslovation

l?
ALA-D inhibiticn MDI deficits, roduced gesta- ?
: tional age and birth weight
(preaatal :tm)
Py-5-N® activity ?
inhibiticn

|
?

“PbB = Blood lead concentrations.
bpy-5-N = Pyrimidine-5™-sucleotidase.

Source: EPA 1986a (with updating).

8z

Z uor3088



Health Effects Summary 29

Several studies have attempted to define the proportion of a
population exhibiting effects on heme biosynthesis at a given blood
level. Piomelli et al. (1982) analyzed the dose-population response
relationship for EP in children, as illustrated in Fig. 2.7. It can be
seen that blood lead levels in half of the children showing EP
elevations at >1 and 2 SD closely bracket the blood lead level taken at
the high end of "normsl" (i.e, 30 ug/dL). The dose-response curves for
adult men and women, as well as children, prepared by Roels et al.
(1976), indicate that the dose response across the blood lead range
studied remains greater for children, followed by women, than for men
(Fig. 2.8). Elevated EP levels in Fig. 2.8 refer to levels >82 ug/dL
erythrocytes. The BEI for EP in blood of workers after 1 month of
exposure is 250 ug/dL erythrocytes or 100 ug/dL blood (ACGIH 1987).

Because an elevated EP level is one of the earliest and most
reliable indicators of impairment of heme biosynthesis, and because
contamination problems in measuring blood lead levels exist, the
measurement of EP is used for screening asymptomatic children for lead
toxicity (CDC 1985, American Academy of Pediatrics 1987). Lead toxicity
is generally considered to be present when a blood level of 225 ug/dL is
asgsociated with an EP level of 235 ug/dL. Although the CDC selected
25 ug/dL as a cutoff point for medical referral for screening programs,
it did not mean to imply that levels <25 ug/dL are without risk (ATSDR
1988). Proper interpretation of EP data can be made only if iron
deficiency is ruled out, because EP can reflect iron deficiency (CDC
1985, Marcus and Schwartz 1987, Mahaffey and Annest 1986). Reliance on
EP levels alone for initial screening, therefore, could result in an
appreciable number of false negative cases (Mahaffey and Annest 1986).

Calcium disodium EDTA mobilization (provocative test) is also used
as a diagnostic tool. The elevated urinary excretion of lead following
administration of the chelating agent is presumed to be indicative of an
elevated body burden of lead (Cory-Slechta et al. 1987). The CDC (1985)
recommended this test to identify children that will respond to
chelation therapy, but stated that it should not be used for children
with blood lead levels >55 ug/dL; rather, these children should be
placed on chelation therapy without the provocative test. Recent results
of animal experiments indicate that the use of the chelating agent may
increase the levels of lead in the brain, raising serious concern over
the continued use of this test (Cory-Slechta et al. 1987). According to
ATSDR (1988): "At the same time that progress is being made to reduce
some sources of lead toxicity, scientific determinations of what
constitute ‘safe’ levels of lead exposure are concurrently declining
even further. Thus, increasing percentages of young children and :
pregnant women fall into the ‘at-risk’ category as permissible exposure
limits are revised downward. Accompanying these increases is the growing
dilemma of how to deal effectively with such a widespread public health
problem. Since hospitalization and medical treatment of individuals with
Pb-B levels below approximately 25 ug/dL is neither appropriate nor even
feasible, the only available option is to eliminate or reduce the lead
in the environment."
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2.2.3 Environmental Lavels as Indicators of Exposure and Effects

2.2.3.1 Levels found in the environment

Numerous studies have attempted to correlate ambient air levels of
lead with blood levels. A summary of the most appropriate studies is
presented in Table 2.3. The slopes calculated from the various studies
attempt to predict the increase in blood levels with a unit nictogran
per cubic meter (pg/n ) increase in air concentration (EPA 1986a).
high air concentrations of lead, however, the relationship between the
concentration in air and that in blood is nonlinear. At air lead levels
of 53.2 pg/n3, there is no statistically significant difference between
curvilinear and linear blood lead rolationnhipl Thus, at the range of
normal ambient air levels (0.1 to 2.0 ug/- )}, the relationship appears
to be linear. For air lead levels 210 pg/- , either nonlinear or linear
relationships can be fitted. The slope estimates are based on the
assumption that an equilibrium level of blood lead is achieved within a
few months after exposure begins.

The median blood lead/inhalation slope for children is ~1.92 ug/dL
blood per pg/n3 air, based on three major studies by Yankel et al.
(1977), Roels et al. (1980), and Angle and McIntire (1979) (see Table
2.3). The weighted average slope estimate from the data in adult males
is 1.64 ug/dL blood per pg/n3. An "aggregate" slope can also be derived
that includes the contribution that air lead makes indirectly to blood
lead via dust and soil in addition to inhalation alone. Typical
"aggregate” slope values in the range of 3 to 5 ug/dL per p;/n air have
been reported (Brunekreff 1984, EPA 1986a). Results of a study by Angle
et al. (1984) indicate that the indirect soil/dust contribution to
increases in blood lead is 4 to 5 ug/dL above the direct inhalation
contribution.

Experimental studies relating blood lead levels to dietary lead
intake for adults produced slope estimates of an ~0.02 ug/dL increase in
blood lead per microgram of lead per day total intake (EPA 1986a). When
blood lead kinetics were considered, the slope increased to 0.04 ug/dL
per microgran per day. Estimates from population studies extrapolated to
typical dietary intakes yielded a slope of 0.05 ug/dL per microgram per
day. For infants, the EPA (1986a) calculated a dietary slope of
0.2 upg/dL per microgram per day from the study by Ryu et al. (1983).

There is a relatively large degree of variability in the results of
several wvater lead studies (EPA 1986a). Over a wide range of water lead
concentrations, the relationship to blood levels is curvilinear;
however, at typical ambient water levels in the United States, the
relationship appears to be linear. A study by Pocock et al. (1983)
determined the relationship at relatively low water lead levels
(<100 ug/L) to be 0.06 ug/dL per ug/L. Lower slope estimates may be more
appropriate at higher water lead levels.

Studies relating soil lead to blood lead levels are difficult to
compare. The relationship depends on depth of soil lead, sampling
method, cleanliness of the home, age of the children, and mouthing
activities, among other possible factors. From studies by Yankel et al.
(1977) and Angle and McIntire (1979), the EPA (1986a) estimated a
concentration increase of 0.6 to 6.8 ug/dL in blood lead for each
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Tabls 2.3. Summary of bicod inbalaticn slopes ()
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increase of 1,000 ug/g in soil lead. The value from & study by Stark et
al. (1982) of 2 ug/dL per 1,000 ug/g may represent a reasonable median
estimate. According to CDC (1985), concentrations of lead in soil or
dust >500 to 1,000 ug/g result in blood levels in children that exceed
background levels.

In order to provide an overall perspective on which routes of
exposure are most significant in terms of contributions to blood lead
levels seen especially in urban children, the EPA (1986a) has tabulated
the relative direct (inhaled air) and indirect (ingested dust with lead
deposited from air) contributions of air lead to blood lead at different
air lead levels for calculated typical background levels of lead from
food, water, and dust for children in the United States (Table 2.4).
Calculations and assumptions used in deriving the estimates listed in
Table 2.4 are discussed in EPA (1986a). The EPA (1986a) compared the
estimated blood lead values, as predicted in Table 2.4 to occur at
particular air lead concentrations, with actual blood lead levels
observed for children living in the United States in areas having
comparable ambient air concentrations and found good agreement, although
the actual blood lead levels were slightly higher than predicted.

2.2.3.2 Human exposure potential

Primary and secondary lead smelters and battery plants are the most
significant sources of industrial lead emissions into air, ultimately
increasing soil and dust lead concentrations in the vicinity. Both
adults and, especially, children have been shown to exhibit elevated
blood levels when living close to these sources. Likewise, residents of
urban areas, particularly children, have been shown to have blood lead
levels that are generally higher than levels observed in rural
residents. Children ordinarily undergo a stage of development in which
they exhibit normal mouthing behavior, as manifested, for example, by
thumbsucking, making them at risk of ingesting high levels of lead from
dusts and soil that end up on surfaces. An abnormal extension of
mouthing behavior known as pica occurs in some children. Pica is the
habitual consumption of nonfood items (i.e., paint chips, soil). Much of
the lead poisoning attributed to lead-based paints is known to occur
because children actively ingest chips of paint (EPA 1986a).

Sources of lead in drinking water are the presence of lead in the
rav water supplies and corrosion of plumbing materials in the water
distribution system. The major source is corrosion of lead-containing
plumbing material. The concentration of lead in the drinking water as a
result of corrosion depends on various factors, including the age and
the amount of the lead in the plumbing system and the degree of
corrosivity of the water. The components of the system that are
potential sources of lead include lead goosenecks or pigtails, lead
service lines and interior household plumbing, lead solder and fluxes
used to connect copper pipes, and alloys containing lead, including some
faucets made of brass or bronze. The amount of lead that can enter the
vater supply from these sources depends on the number and age of lead
solder joints and the quality of workmanship of the joints, the contact
time between the water and the lead, and the length and diameter of the
lead service line. The degree of corrosivity of water depends largely on
the pH-and the total alkalinity of the water.



Heaith Effects Summary

Table 2.4. Contribations from various medis to blood lead levels (ug/dL)

of U.S. children (age = 2 years): background levels

and incremental contributions from air

Air lead, ug/m?

Source
] 025 050 075 1.00 1.25 1.50
Background (non-air)
Food, water,
and beverages 237 237 237 Y} 237 2.37 2.37
Dust 030 030 030 0.30 030 030 030
Subtotal 2.67 267 267 2.67 2.67 2.67 2.67
Background (air)
Food, water,
and beverages 1.65 165 1.65 1.65 1.65 1.65 1.65
Ingested dust
(with Pb deposited
from air) 000 1.57 3.09 4.70 6.27 7.84 9.40
Inhaled air 000 050 1.00 1.50 2.00 2.50 3.00
Total 432 639 841 1052 1259 1466 16.72

Source: EPA 1986a.
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2.3_ ADEQUACY OF DATABASE

2.3.1 Introduction

Section 110 (3) of SARA directs the Administrator of ATSDR to
prepare a toxicological profile for each of the 100 most significant
hazardous substances found at facilities on the CERCLA National
Priorities List. Each profile must include the following content:

"(A) An examination, summary, and interpretation of available
toxicological information and epidemiologic evaluations on a
hazardous substance in order to ascertain the levels of
significant human exposure for the substance and the
assoclated acute, subacute, and chronic health effects.

(B) A determination of whether adequate information on the health
effects of each substance is available or in the process of
development to determine levels of exposure which present a
significant risk to human health of acute, subacute, and
chronic health effects.

(C) Where appropriate, an identification of toxicological testing
needed to identify the types or levels of exposure that may
present significant risk of adverse health effects in humans."

This section identifies gaps in current knowledge relevant to
developing levels of significant exposure for lead. Such gaps are
identified for certain health effect end points (lethality,
systemic/target organ toxicity, developmental toxicity, reproductive
toxicity, and carcinogenicity) reviewed in Sect. 2.2 of this profile in
developing levels of significant exposure for lead, and for other areas,
such as human biological monitoring and mechanisms of toxicity. The
present section briefly summarizes the availability of existing human
and animal data, identifies data gaps, and summarizes research in
progress that may fill such gaps.

Specific research programs for obtaining data needed to develop
levels of significant exposure for lead will be developed by ATSDR, NTP,
and EPA in the future.

2.3.2 Health Effect End Points

2.3.2.1 Introduction and graphic summary

The availability of data for health effects in humans and animals
is depicted on bar graphs in Figs. 2.9 and 2.10, respectively.

The bars of full height indicate that there are data to meet at
least one of the following criteria:

1. For noncéncer health end points, one or more studies are available
that meet current scientific standards and are sufficient to define
a range of toxicity from no-effect levels (NOAELs) to levels that
cause effects (LOAELs or FELs).

2. For human carcinogenicity, a substance is classified as either a
"known human carcinogen® or "probable human carcinogen" by both EPA
and the International Agency for Research on Cancer (IARC)
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(qualitative), and the data are sufficient to derive a cancer
potency factor (quantitative),

3. For animal carcinogenicity, a substance causes a statistically
significant number of tumors in at least one species, and the data
are sufficient to derive a cancer potency factor.

4. There are studies which show that the chemical does not cause this
health effect via this exposure route.

Bars of half height indicate that "some" information for the end
point exists, but does not meet any of these criteria.

The absence of a column indicates that no information exists for
that end point and route.

2.3.2.2 Description of highlights of graphs

Because human body burdens of lead are the result of combined oral
and inhalation exposure, and dose data are available mainly as blood
lead levels rather than as external exposure levels, Fig. 2.9 considers
the adequacy of the database for the combined exposure. The potential
for dermal exposure/absorption is low, and there are no human data
regarding effects from this route of exposure.

Human lethality data are obtained in part from older literature and
may suffer from deficiencies in blood lead analyses. The lesser amount
of acute exposure data for systemic toxicity in humans is probably a
function of the time required for the expression of effects and the
usual modes of exposure (occupational and environmental). Intermediate
and chronic exposure data for systemic toxicity should be considered
together, because length of exposure is frequently not known and
distinctions are accordingly somewhat arbitrary. The data for these
exposure durations and for developmental toxicity are adequate for
defining the most sensitive end points and populations. The data do not
clearly indicate NOAELs for humans because assoclations between blood
lead levels and neurobehavioral indices, blood pressure, growth, and
basic enzymatic processes, such as heme synthesis, occur over a wide
range of blood lead concentrations, with no indication of threshold
through the lowest blood lead values encountered.

Data for reproductive toxicity in men indicate that lead may
adversely affect testes or sperm at blood lead levels of 40 to 50 ug/dL,
but the available studies have deficiencies. Reliable dose-effect data
for reproductive effects in women are lacking. Epidemiological studies
of lead workers are inadequate for evaluating carcinogenicity to humans
(EPA 1988a).

As shown in Fig. 2.10, there are very few animal studies on the
effects of inhalation or dermal exposure to lead, and none of these
studies provides blood lead data. Adequate animal data, including blood
lead levels, are avajilable for oral exposure for systemic toxicity
(intermediate and chronic exposure), developmental toxicity, and
reproductive toxicity for many of the same end points that are of
concern in humans. Data for carcinogenicity indicate that lead compounds
are carcinogenic for animals, but the data are not appropriate for
quantitative risk assessment (EPA 1988a).
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2.3.2.3 Summary of relevant ongoing research

EPA’s Office of Health and Environmental Assessment is evaluating
the carcinogenicity of lead (EPA 1989b).

More than 100 ongoing federally sponsored projects involving lead
toxicity have been identified. Because of the large volume of research
under way, only a few representative studies will be selected and
discussed.

Several prospective studies of lead exposure and neurobehavioral
changes in children are in progress. Alan Leviton of Children’s Hospital
in Boston is following an initial cohort of children included in the
Prenatal Lead Exposure Study to determine the relative prenatal and
postnatal contributions of exposures to lead to behavioral, cognitive,
and perceptual dysfunctions recognized by teachers when the children are
8 years old, and also to determine the umbilical cord blood and tooth
lead levels associated with dysfunctions in school children of that age.
Similar work using the same follow-up cohort is being performed by David
Bellinger at Children’s Hospital in Boston. He is investigating changes ‘
in attention, language development, and fine motor function (NTIS 1987).
At the University of Cincinnati, Paul Hammond is conducting a large
multifaceted study of the health effects of lead on child development,
including neurobehavioral, electrophysiological, metabolic, and
biochemical components (NTIS 1987). A prospective study in Cleveland by
Claire B. Ernhart {s sponsored both federally and by the International
Lead Zinc Institute (see below).

John Rosen and coworkers at the Albert Einstein College of Medicine
(Bronx, New York) are examining neurobehavioral and biochemical effects
of lead to discern the efficacy of current treatment guidelines for
lead-intoxicated children. This study should provide information on the
reversibility of lead effects after chelation therapy and on
correlations with X-ray fluorescence mesasurements of lead in bone, as
well as blood lead and chelatable lead levels (Rosen 1987).

I.A. Michaelson of the University of Cincinnati is currently
investigating the role of lead on the flow of calcium across the nerve
terminal membrane during neonatal CNS development in animals. This work
is oriented toward delineating a common mechanism underlying lead-
induced CNS neurotransmitter alterations (NTIS 1987).

Donald Fox of the University of Houston has long been involved in
investigating lead-induced neurotoxicity of the visual system. His
current work deals with delineating, at the cellular level, the
alterations in the retinal and cortical receptive field properties that
mediate spatial resolution. Similar work is being done at the University
of California, Davis, by A.J. Sullivan, who is investigating the effects
of lead on the vertebrate photoreceptor (NTIS 1987).

In a National Institute of Environmental Health Sciences-sponsored
study, Hemminki of the Institute of Occupational Health i{n Finland is
conducting an epidemiological study to investigate whether exposure to
inorganic lead influences pregnancy outcome. In-house studies at NIOSH
are under way to assess the association between lead exposure and
alterations in semen quality as an indicator of impaired reproductive
capacity, to develop new or improved methods of human semen analysis,
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and to investigate measurss of semen quality that may detect
population-based shifts in male reproductive potential. The toxic
effects of lead on the hypothalamic-pituitary-testicular axis are being
studied by Sokol at the University of California, Los Angeles (UCLA)
(NTIS 1987).

In addition to the federally-sponsored research listed above,
several ongoing projects are being sponsored by the International Lead
Zinc Research Organization, Research Triangle Park, North Carolina
(Volpe, 1988). Studies on potential health effects include the
following prospective studies on prenatal and postnatal lead exposure:
Lead Level and Iron Deficiency in Preschool Years (effect of lead on the
development of children) by Claire B. Ernhart, Cleveland Metropolitan
Hospital, and Health Effects of Lead in Urban Children by W. G. McBride,
Foundation 41, Sydney, Australia (McBride et al. 1987). Additional
studies concern serum mineral metabolism and bone mineralization in
children by Winston Woo, University of Cincinnati; the relationship
between blood lead and blood pressure in industrial workers with fairly
stable, low-level lead exposure by Eugene R. Schippen, Exide
Corporation, Reading, Pennsylvania; gastric cancer in battery workers by
W. Clark Cooper, Lafayette, California; and development of an animal
model of lead nephropathy by Harvey Gonick, Cedars-Sinal Hospital, Los
Angeles, California.

Additional prospective studies of developmental and neurobehavioral
effects of lead in children that are under way in other nations under
other sponsorship include those in Port Pirie, Australia (McMichael et
al. 1988); Mexico City, New Mexico (Rothenberg et al. 1987); Titova
Mitrovica, Yugoslavia (Graziano et al. 1987); Lavrion, Greece (Hatzakis
et al. 1987); and Glasgow, Scotland (Moors et al. 1987).

2.3.3 Other Information Keeded for Human Health Assessment

2.3.3.1 Pharmacokinetics and mechanisma of action

The pharmacokinetic profile of lead in humans is remarkably well
understood compared with what is known for other substances, because a
number of studies have been conducted using human subjects.
Biomonitoring for lead exposure in populations has also provided
information that has contributed to the pharmacokinetics of lead in
humans. The differences in the distribution of lead between children and
adults, however, is not well understood. Further understanding of the
distribution of lead and molecular interactions will shed light on the
mechanism of lead toxicity.

2.3.3.2 Monitoring of human biological samples

A large database exists regarding blood levels of lead in humans in
relationship to effects and levels found in air, diet, drinking water,
dust, and soil. Blood levels, however, are an imperfect measure of
tissue burden. The monitoring of lead in teeth and bones, in conjunction
with blood lead measurements, would provide a better measure of past
exposure and body burden; the widespread application of noninvasive X-
ray fluorescence has been the subject of recent investigations.
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The results of studies comparing blood levels and environmental
levels have been used by EPA (1986a) to calculate slopes predicting the
increase in blood levels per unit increase in exposure level. These
slopes are useful for low exposure levels, but at higher levels the
blood-level vs exposure-level curves become nonlinear. Given the
uncertainties in quantifying exactly the relationship between lead in a
particular environmental medium with blood lead and the number of
potential environmental sources, further epidemiological surveys would
help to evaluate whether populations have excessive lead burdens. EPA’'s
Office of Air Quality Planning and Standards has developed a multimedia
exposure model to evaluate the impacts of alternative lead exposure
scenarios in children as part of their review of the National Ambient
Air Quality Standard for lead. The EPA has conducted an evaluation and
validation of the model to predict daily uptake for young children
living near industrial lead sources in terms of ambient air, soil, and
dust lead levels that correspond to both historical and current
atmospheric lead emission, and also in terms of dietary lead levels from
both water and food (EPA 1989b). EPA is continuing to refine the model
to provide a flexible tool for a variety of lead-related exposure risk
assessments.

2.3.3.3 Environmental considerations

Most of the commonly used analytical methods (e.g., atomic
absorption and emission spectrometry, X-ray fluorescence, and
electrothermal methods) have the required sensitivity and adequate
specificity to measure lead levels in most environmental media. In
certain cases, lead concentrations in the blank become the limiting
factors in a method’s lowest detection limit. With analytical techniques
available today, the level of organic lead in air in rural areas can
barely be measured (Berg and Jonsson 1984). One of the commonly used
methods, inductively coupled plasma/atomic emission spectroscopy, does
not provide adequate sensitivity to determine lead levels in foods (EPA
1986a). Most of the analytical methods cannot directly identify the
various lead compounds. Both electron microprobe and X-ray diffraction
techniques have been used to identify lead compounds in environmental
samples (EPA 1986a).

: As a result of stepwise reductions in the amount of lead used in
gasoline in recent years, air monitoring data from as recent as 1984 may
not be adequate in describing current ambient levels, and data for
levels of lead currently in the atmosphere were not available. Lack of
current data is believed to be due to publishing delays rather than the
lack of ongoing research.

Although significant data on the physical processes leading to the
transport of lead from one environmental medium to another are
available, data on its chemical fate are limited. Even the nature of
chemical species present in the various media under given conditions are
not known with certainty. Therefore, it is expected that uncertainties
exist in the estimated data pertaining to the fate and transport of lead
in the environment.

Interactions between lead and other environmental pollutants have
been postulated. For example, lead is speculated to form lead sulfate
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under certain conditions in both air and water in the presence of the
sulfate lon (EPA 1986s).

To improve the understanding of the adsorption of lead to soil, the
federal government is currently sponsoring five research projects to

study the soil properties that affect sorption of lead to soil (NTIS
1987).
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3. CHEMICAL AND PHYSICAL INFORMATION

3.1 CHEMICAL IDENTITY
The chemical identity of lead is given in Table 3.1.

3.2 PHYSICAL AND CHEMICAL PROPERTIES

The physical properties of lead and a few of its compounds are
listed in Table 3.2. Metallic lead is stable in dry air; however, in
moist air, it quickly forms lead monoxide, which in turn produces lead
carbonate with carbon dioxide in air. In general, the chemical
properties of inorganic lead compounds are similar to those of the
alkaline earth metals. The nitrate, chlorate, and acetate salts are
wvater soluble; the chloride is slightly soluble; and the sulfate,
carbonate, chromate, phosphate, and sulfide are insoluble. The chromate,
carbonate, nitrate, sulfide, and phosphate are soluble in acid, and the
chloride is slightly soluble in acid (Weast 1985). Lead forms stable
tetraalkyl compounds with organic ligands, for example, tetramethyl,
tetraethyl, tetrapropyl, and tetrabutyl compounds. They are soluble in
many organic solvents but are insoluble in water. The tetraorganolead
compounds decompose to lead metal and free organic radicals at elevated
temperatures or in the presence of light. In the presence of oxygen, the
thermal decomposition of tetraethyl lead produces lead oxide rather than
the free metal. Lead also forms stabls metal complexes with polydentate
chelating agents, for example, penicillamine or EDTA (Carr 1981; EPA
1985a, 1986a).
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Table 3.1. Chemical ideatity of lead

Synonyms

Trade name
Chemical formula
Wiswesser line notation

Crystalline structure

Identification numbers
CAS Registry No.
NIOSH RTECS No.
EPA Hazardous Waste No.
OHM-TADS No.
DOT/UN/NA/IMCO Shipping No.
STCC No.

Hazardous Substances Data Bank No.

National Cancer Institute No.

Lead metal
Plumbum
Pigment metal

C.1. 77575; Lead S2;50
Pb

PB

Face-centered cubic

7439-92-1
OF7525000
Not available
7216776

Not available
Not available
231

Not available

Source: HSDB 1987; IARC 1980.



Table 3.2. Physical propertics of lead and & few compomnds

Lead Lead acetate Lead chloride Lead chromate Lead nitrate
(Pb) [PY(CH;C00),] (PbCly) (PbCrO,) [PY(NO3),)
CAS No. 7439-92-1 301-04-2 7758-95-4 71158-97-6 10099-74-8
Atomic/molecular weight  207.2 325.29 278.11 323.19 »1.21
Color Bluish-gray White White Yellow Colorless
Physical statc Sotid Solid Solid Solid Solid
Odor Noase NA* NA NA NA
Melting point, *C 3274 280 501 844 Decomposcs at 470°C
Boiling point, °C 17170 NA 950 Decomposes NA
Autoignition temperature  NA NA NA NA NA
Sotubili
Water Insoluble 44.3 g/100 mL 0.99 g/100 mL 58 ug/L at 25°C 37.65-56.5 g/100 mL
at 20°C at 20°C at 0°C
Organic solveats Insoluble Soluble ia glycol Insoluble in Insoluble im acetic Slightly soluble in
cthasol acid dilute cthanol
Density, g/cm’ 11.35 at 20°C 3.25 at 20°C 585 6.12 a1 15°C 4.53 at 20°C
Partition coefficieat NA NA NA NA NA
Vapor pressure, mm of Hg 1.0 at 980°C NA 1 at 547°C NA NA
Heary's law constant NA NA NA NA NA
Refractive index 2.01 NA 2.199-2.260 2.31-2.66 1.782
Flashpoint NA NA NA NA NA
Flammability limits NA NA NA NA NA
Coaversion factors
Air b ] b b b
Water ! ppm (w/v) = | mg/L = t ppm (w/v) = | mg/L =~ | ppm (w/v) = | mg/L = 1 ppm (w/v) = | mg/L =~ 1 ppm (w/v) = | mg/L =
! ng/ml 1 ng/ml 1 ug/mL 1 ng/mL | ug/mL
Solid lppm(w/w) = I mg/kg = Ilppm(w/w)=lmg/kg = |ppm(w/w)= Img/kg = |ppm(w/w)=1mg/kg = 1 ppm (w/w) = | mg/kg =~
| ng/s 1 na/s 1 ns/s 1 ng/s 1 ng/s
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Table 3.3 (conthmnd)

Lead oxide Lead sulfate Tetracthyl load Tetramethyl lead Tricthyl lead chiloride
("0) (PeSO,) {(CzHs)¢Pb) ((CHj)4Pv) [(CaH5)3PbCH)
CAS No. 1317-36-8 T446-14-2 78-00-2 75-74-1 1067-14-7
Molecular weight 22320 303.26 323.48 267.35 329.85
Color Yellow White Coloricss NA NA
Physical stato Solid Solid Liquid Liquid NA
Odor NA NA NA NA NA
Meltiag poiat, °C 886 (Litharge) 1170 -136 -215 NA
Boiling poiat, *C Deocomposes at 1472 NA Decomposes at 198-202 Decomposes at 110 NA
Autoigaition temperature  NA NA NA NA NA, but when beated it
cmits toxic fumes of
Pb and chlorine

Solubility

Water 17 mg/L at 20°C 425 mg/L &t 25°C 0.8 mg/L at 20°C 9 mg/L NA

Orgaaic solveats NA NA Soluble in beazene NA NA

and potroloum cther
Dessity, '/an’ 8.0 (Massicot) 6.2 1.6528 at 20°C 1.995 at 20°C NA
. 9.53 (Licharge)

Partition coefficicat NA NA NA NA NA
Vapor pressure, mm of Hg NA NA 0.15-0.30 225 NA
Heary's law coastant NA NA NA NA NA
Rofractive index 251-2.71 1.822-1.8%4 1.5195 at 20°C 1.5128 at 20°C NA
Flashpoint NA NA NA NA NA
Flammability limits NA NA NA NA NA
Coaversioa factors

Air [ ] ] ! ppm = 10.42 m;/m3 1 ppm = 8.61 m‘/m3 1 ppm = 10.62 ||:¢/|||l

as lead s lead as lead
Water lppm(w/v) = Img/L= lppm(w/v)=l1lmg/L= Iippm(w/v)=1mg/L= Ilppm(w/v)=1mg/L= | ppm(w/v) = | mg/L =
1 ng/mL 1 ug/mL 1 ug/mL ! ug/mL | ug/mL
Solid | ppm (w/w) = | mg/kg = 1 ppm (w/w) = | mg/kg = 1 ppm (w/w) ~ I mg/kg = 1 ppm (w/w) = | mg/kg = | ppm (w/w) = | mg/kg =

1 ug/s

1 ug/s

1 ug/s

1 ng/s _

1 ug/s

*NA = Not applicable.

'Sincetbenmpoundux'mhm-mphtuhthmnmumu.mdrwmmdmnmum“n/n’ody.

Source: Weast 1985; McCormack et al. 198); Carr 1981; Howe 198); Windbolz 1983; EPA 1985a, 1986a; IARC 1980; Sax 1984.
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4. TOXICOLOGICAL DATA

4.1 OVERVIEW

Absorption of airborne lead by inhalation first involves deposition
of particulate lead in the respiratory tract. Once lead is deposited in
the respiratory tract, its absorption by humans and animals is virtually
complete. Humans ingest lead by consuming lead-containing food and
beverages and by swallowing lead deposited in the upper respiratory
tract. Through normal mouthing activity and pica (abnormal eating),
children may ingest lead from such gsources as dirt, dust, and paint
chips. The primary site of lead absorption in children is the
gastrointestinal tract.

Dermal absorption of lead by humans is reported to be much less
significant than absorption by inhalation or oral routes of exposure.

Rather than being homogeneously distributed in the body, lead is
dispersed among several physiologically distinct compartments. A
physiologically based model based on data in humans predicts the
distribution of lead into three compartments: blood, soft tissue, and
bone. The lead in each of these compartments has a different rate of
intercompartmental movement and residence time.

In human adults, ~95% of the total body burden of lead is found in
the bones. Two physiologically distinct pools of lead are present in
bone: (1) an inert pool with a half-life of decades and (2) a labile
component that readily exchanges lead between bone and blood or soft
tissue. Bone lead distributes to the teeth as well. Tooth lead levels
have been shown to increase with age and also with degree of exposure.

Of the lead distributed in the blood compartment in humans, 99% is
associated with the erythrocytes. The remaining 18 is in plasma and is
available for transport to soft tissues. Over 50% of the erythrocyte
lead pool is bound to hemoglobin. A curvilinear relationship between
blood lead levels and plasma lead levels has been observed and shows
that the fraction of lead in the plasma increases nonlinearly at blood
lead levels above ~40 ug/dL.

In humans, lead accumulation in most soft tissues such as kidney,
liver, and brain, with perhaps the exception of the renal cortex and
aorta, is of a much samaller proportion than accumulation in bones. Lead
is readily distributed to the fetus.

In humans or animals, any dietary lead not absorbed by the

. gastrointestinal tract i{s eliminated in the feces. Airborne lead that
has been swallowed and not absorbed is eliminated in a similar fashion.
The blood lead that is not retained is either excreted by the kidney or
excreted through biliary clearance into the gastrointestinal tract.
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Humans are usually exposed to lead by the inhalation and oral
routes, with occupationally exposed populations receiving a greater
proportion of their exposure through inhalation and with the general
population receiving a greater proportion through the oral route. The
effects of exposure to lead, however, do not appear to depend on the
route of entry, but rather are correlated with internal exposure,
usually measured as blood lead levels.

At high exposure levels, lead produces encephalopathy,
gastrointestinal effects (colic), anemia, nephropathy, and
electrocardiographic abnormalities in humans. Untreated encephalopathy
is frequently fatal. These effects are generally seen only in
occupationally exposed populations and in children, particularly
children who ingested chips of lead paint and old plaster or who live in
environments contaminated by dust and flecks from deteriorating lead
paint. In addition, high exposure to lead may cause spontaneous abortion
in women and decreased fertility in men.

Lower-level exposure to lead affects the synthesis of heme, which
is a constituent not only of hemoglobin, but also of cytochrome P-450
and electron-transfer cytochromes. Hence, effects on heme synthesis can
have pronounced effects on fundamental metabolic and energy-transfer
processes. :

In addition, lower-level exposure to lead decreases the circulating
levels of an active form of vitamin D, 1,25-dihydroxyvitamin D, in
children. This form of vitamin D is largely responsible for the
maintenance of calcium homeostasis in the body.

Effects of great concern from low-level exposure to lead are
neurobehavioral effects (including MDI and IQ deficits and elevated
hearing thresholds) and growth retardation in infants exposed prenatally
and children exposed postnatally, and the slevation of blood pressure in
middle-aged men. Dose-effect relationships for these effects show no
indications of a threshold down to the lowest levels of internal
exposure (blood lead levels <10 ug/dL).

Because lead accumulates in bone, from which it can be mobilized
and redistributed in the body, past cumulative exposure contributes to
the risk. The physiological stress of pregnancy can mobilize lead from
maternal bone, resulting in greater exposure of the fetus, because there
is no barrier to the uptake of lead by the fetus.

Experimental studies of the systemic toxicity of lead to animals
provide support for the observations in human studies, both in terms of
the types of effects and the dose (as blood lead)-effect relationships.

Data regarding the genotoxicity of lead compounds are ambiguous.
Results of mutation tests in microorganisms were negative, but these
tests may not be appropriate to demonstrate the mutagenicity of
carcinogenic metals. Results in mammalian test systems and in vivo
studies in occupationally exposed humans were conflicting, but. the data
do suggest clastogenic effects.

Occupational studies of lead production and battery workers weakly
associate exposure to lead with increased risk of cancer, particularly
of the respiratory and digestive tracts. These studies were considered
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to provide inadequate evidence of carcinogenicity of lead to humans
because of lack of control or adjustment for exposure to other chemicals
and for smoking and because of the lack of dose-response relationships.
Rats treated orally or parenterally with soluble lead compounds show
significantly increased incidences of kidney tumors.

4.2 TOXICOKINETICS

4.2.1 Absorption

The rate and degree of absorption of a compound are largely related
to its solubility in body tissues and fluids, among other factors. In
addition to exposure to the elemental form of lead, the potential also
exists for human exposure to lead compounds, each of which has unique
solubility characteristics. Information on the solubility of some lead
compounds is given in Sect. 3.2, on physical and chemical properties.
Information on additional lead compounds can be found in standard
reference texts and is summarized in the IARC (1980) monograph.

4.2.1.1 Inhalation

Human. Prior to the actual absorption of lead by the lungs, some
fraction of inhaled airborne lead must be deposited in the respiratory
tract. The rate of deposition of particulate airborne lead in adult
humans {s ~30 to 50% and is modified by factors such as particle size
and ventilation rate (EPA 1986a). Relatively little is known about the
deposition of airborne lead in children, because of the lack of data on
pediatric respiratory aerosol physiology (Hammond 1982). Once deposited
in the lower respiratory tract, lead is almost completely absorbed, and
all chemical forms of lead also appear to be absorbed (EPA 1986a).
Chamberlain et al. (1978) found that 20% of inhaled lead was absorbed
within 1 h, and 70% was absorbed within 10 h, in human subjects
breathing lead-containing engine exhausts or lead oxide and lead nitrate
aerosols at 2-10 pg/n3 Pb. Some evidence for complete absorption of lead
from the respiratory tract may be the lack of lead found at autopsy in
the lung tissues of occupationally exposed lead workers (Barry 1975) and
nonoccupationally exposed subjects (Gross et al. 1975).

In human subjects exposed to airborne concentrations of tetraalkyl
lead compounds (-1 -g/n breathed through a mouthpiece, 10-40 breaths of
~1-L volume), 37% of inhaled tetraethyl lead and 518 of inhaled
tetramethyl lead were initially deposited in the respiratory tract, but
a considerable percentage of the lead initially deposited was lost
through exhalation of these volatile compounds. Approximately 30 to 40%
of the amount of tetraalkyl lead inhaled in vapor is absorbed by the
lungs (Heard et al. 1979).

Animal. Inhaled lead is absorbed extensively and rapidly by
experimental animals as well as humans (EPA 1986a). Morgan and Holmes
(1978) measured nblorption rates of 50% within 1 h and 988 within 7 days
in adult rats breathing 203pp.1abeled engine exhaust aerosols (6 lg/l
Pb). Similar results were obtained in studies with other species (EPA
1986a).
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4.2.1.2 Oral

Humsan. Oral intake of lead can result from consuming lead-
containing food and beverages and from swallowing lead deposited in the
upper respiratory tract after inhalation exposure (Kehoe 1987). In
addition, the ingestion of lead in children may occur through normal
mouthing activity and pica (EPA 1986a).

The primary site of lead absorption in children is the
gastrointestinal tract (Hammond 1982). For dietary lead, absorption in
children is ~50%, compared with 8% (Hammond 1982) or 15% (Chamberlain et
al. 1978) gastrointestinal lead absorption measured in adults. The
solubility of a particular lead salt in gastric acid (see Sect. 3.2, on
physical and chemical properties) and a number of dietary factors (Sect.
4.4, on chemical interactions) will affect the extent and rate of
gastrointestinal absorption of lead. Fasting also has a pronounced
effect on the gastrointestinal absorption of lead. Absorption can be as
high as 45% in adults under fasting conditions (Chamberlain et al.
1978). Based on studies in rats, Barltrop and Meek (1979) found an
inverse relationship between lead particle size and gastrointestinal
absorption. The extent of gastrointestinal absorption of lead from
nonfood sources in children has been estimated from data in animals and
chemical parameters to be ~308% from dirt and dust and 17% from paint
chips (Drill et al. 1979).

Animal. The extent of absorption of lead in adult experimental
animals (1 to 158) is similar to that measured for adult humans (EPA
1986a). Also similar to findings in humans, the extent of
gastrointestinal absorption of lead in experimental animals is age
dependent. The rat pup absorbs 40 te 50 times more lead via the diet
than does the adult rat (Kostial et al. 1971, 1978; Forbes and Reina
1972). This difference may be due, in part, to dietary differences and
to the presence of an undeveloped, selective intestinal barrier to lead
in the rat neonate (EPA 1986a). A greater degree of absorption of lead
by the gut than by other routes was also noted in nonhuman primates,
such as infant and juvenile monkeys (Munro et al. 1975, Pounds et al.
1978). Particle size also influences the degree of gastrointestinal
absorption. An inverse relationship was found in rats fed diets
containing metallic lead of particle sizes between 0 and 250 microns
(Barltrop and Meek 1979).

Specific data regarding the gastrointestinal absorption of alkyl
lead compounds were not identified in the available literature.
Apparently, tetraethyl lead is absorbed more slowly after oral
administration than after dermal application in the rabbit, as evidenced
by the rapid onset of toxic symptoms, but dermal absorption was not
measured quantitatively (Kehoe 1927). Rhesus monkeys have been shown to
absorb tetraethyl lead more readily than tetramethyl lead after
ingestion, although specific rates or doses were not reported (Heywood
et al. 1979).
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4.2.1.3 Dermal

Human. Dermal absorption of inorganic lead compounds is reported
to be much less significant than absorption by inhalation or oral routes
of exposure, because of the greatly reduced dermal absorption rate (EPA
1986a).

Absorption of lead from 203pp-1abeled lead acetate in cosmetic
preparations (0.1 mlL of a lotion containing 6 mmol lead acetate/L or
0.1 g of a cream containing 9 mmol lead acetate/kg) applied to the skin
for 12 h was measured to be 0 to 0.3% in humans, and was expected to be
0.06% during normal use of such preparations (Moore et al. 1980).
Absorption of alkyl lead compounds through the skin has been reported
after accidental exposures (Hayakawa 1972, Gething 1975).

Animal. Alkyl lead compounds have been shown to be rapidly and
extensively absorbed through the skin of rabbits and rats (Kehoe and
Thamann 1931, Laug and Kunze 1948). In three rabbits treated with
0.75 aL tetraethyl lead, which was allowed to spread uniformly over an
area of 25 cm2 on the abdominal skin, lead was found in the carcass at
10.6 mg after 0.5 h, 2.43 mg after 1 h, and 4.4]1 ng after 6 h (Kehoe and
Thamann 1931). Laug and Kunze (1948) found that tetraethyl lead was
absorbed by the skin of rats to a much greater extent than lead oleate,
lead acetate, and lead arsenate.

4.2.2 Distribution and Body Burden

Described simply, the body burden of a particular chemical is the
total amount of that chemical found in the body. The body burden of lead
represents the difference between cumulative lifetime absorption of lead
from all sources and total excretion (Landrigan et al. 1985).

Rather than being distributed homogeneously throughout the body,
lead is dispersed among several physiologically distinct compartments
(Landrigan et al. 1985). A three-compartment model proposed by
Rabinowitz et al. (1976), based on tracer and balance data from five
healthy men, identifies the relative proportioning of lead between the
bone, blood, and soft-tissue pools (Fig. 4.1). The figure shows the lead
content and mean half-1life of each pool and the rates of lead movement
between pools (A).

This model indicates that the lead content, the mean life
(residence time) of lead in each pool, and the rates of movement between
pools are different for each compartment. The blood compartment shows
the shortest half-life (36 days), followed by the soft-tissue
compartment (40 days), and then by the bone compartment (104 days or ~27
years). Bone contains most of the total body burden of lead. Further
refinement of this three-compartment model is advanced by Marcus
(1985a,b,c) and presented in Fig. 4.2.

Once absorbed, inorganic lead is distributed in essentially the
same manner regardless of the route of absorption (Hammond 1982).
Therefore, the distribution and body burden of absorbed lead can be
discussed for human and animal studies without differentiating the route
of absorption. The distribution of lead in man has been well
characterized.
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Fig. 4.1. Lead metabolism model. Source: Rabinowitz et al. 1976.
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Fig. 42. A compartmental medel for lead bickinetics, with muitiple pool for blood lead. Source:

Marcus 1985a,b,c.
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4.2.2.1 Buman

The distribution of lead in the body is initially dependent on the
rate of delivery by the bloodstream to various organs and tissues. A
subsequent redistribution may then occur, based on the relative affinity
of tissues for the element (EPA 1986a). A number of age-related
differences in lead distribution and body burden exist between children
and adults. These relationships are discussed below.

Lead in blood. Under steady-state conditions, >99% of blood lead
is associated with the erythrocytes (Everson and Patterson 1980). Over
50% of this erythrocyte lead pool is bound to hemoglobin, particularly
HgA2, with lesser amounts bound to other proteins (Bruenger et al.
1973). Fetal hemoglobin appears to have a greater affinity for lead than
does adult hemoglobin (Ong and Lee 1980).

The relationship between the fractions of lead distributed in the
erythrocytes and plasma has been described by Manton and Cook (1984). At
blood lead levels <40 ug/dL, blood lead and serum lead levels increase
linearly in a positive fashion; at higher blood lead levels, they assume
a curvilinear relationship (Fig. 4.3). The ratio of lead in serum to
that in whole blood increases dramatically at blood lead levels
>40 ug/dL. In vitro data of the partitioning of blood lead between
erythrocytes and plasma show a positive linear correlation at blood lead
levels <100 ug/dL and deviation from linearity above that value
(Clarkson and Kench 1958). The departure from linearity of this
relationship in vivo at blood lead levels >40 ug/dL may be caused by
altered cell morphology at high blood lead levels, resulting in a
reduced availability or stability of lead binding sites in the
erythrocytes (EPA 1986a). The half-life of lead in adult human blood has
been measured as 36 days by Rabinowitz et al. (1976) and 28 days by
Griffin et al. (1975). The biological half-life of lead in the blood of
2-year-old children was reported to be ~10 months (Succop et al. 1987).

Lead in mineralizing tissue. In human adults, ~95% of the total
body burden of lead is found in the bones. In contrast, bone lead
accounts for 73% of the body burden in children (Barry 1975, 1981). This
large pool of lead in adults can serve to maintain blood lead levels
long after periods of exposure have ended (O’'Flaherty et al. 1982).

Two physiological compartments appear to exist for lead in bones.
In one compartment, bone lead is essentially inert, having a half-life
of several decades. A labile compartment exists as well that allows for
maintenance of an equilibrium of lead between bone and soft tissue or
blood (Rabinowitz et al. 1976, 1977). The presence of labile lead may be
a more accurate predictor of recent exposure or imminent toxicity than
total body or whole blood burdens (EPA 1986a).

Increased mobilization of lead from human bone can occur during the
physiological stresses of pregnancy and lactation (ATSDR 1988). Zaric et
al. (1987) found that women living in a smelter region had higher blood
levels of lead during pregnancy, and Manton (1985) reported increased
blood levels of lead in women during lactation.

Bone lead levels are known to increase as a function of age. In men
60 to 70 years old, the total bone lead content may be 2200 mg, while
children <16 years old have been shown to have total skeletal lead
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levels of 8 mg (Barry 1975). These data are based on a limited sample
size. Drasch et al. (1987) analyzed the bone lead content at autopsy in
a total of 240 adults with no known occupational exposure to lead. Each
group of 40 subjects represented a different age decade. The results
indicated that the lead content of the temporal bone increased steadily
with age, whereas the lead content of the mid-femur and that of the
pelvic bone reached a plateau in middle age followed by a decline with
advancing age. The levels of lead in teeth, especially in the dentin,
are also known to increase with age. This age-related increase may occur
as a function of exposure (Steenhout and Pourtois 1981), which supports
the use of dentin lead measurements as an indicator of exposure
(Needleman and Shapiro 1974).

Lead In soft tissues. In most soft tissues, lead does not appear
to accumulate as a function of age in humans over 20 years old (Barry
1975, 1981), but these data are based on limited sample size. The
exceptions to this trend are the renal cortex, which may retain lead due
to the formation of lead nuclear inclusion bodies (Indraprasit et al.
1974), and the aorta, in which entrapped lead may be present in
atherosclerotic plaque deposits (Barry 1975, 1981).

Brain tissue does not show an age-related increase in lead
accumulation, but increased brain lead levels have been measured in
subjects with known or suspected occupational exposure to lead (Barry
1975). Several authors have shown that lead is selectively accumulated
in the hippocampus in both children and adults (EPA 1986a).

4.2.2.2 Animal

Cory-Slechta (1987) examined the effects of aging on the tissue
distribution of lead acetate. After administration of the compound in
drinking water to juvenile (21-day-old), adult (8-month-old), and old
(16-month-0ld) rats for 11 months, age-related increases in distribution
were found in the brain, liver, and blood but not in the kidney. An
age-related decline was found in the femur. The increased brain and
liver concentrations with age may be the result of age-related
alterations in absorption, excretion, net deposition in bone, and bone
demineralization.

Miller et al. (1983) measured tissue distribution of radiolabeled
lead after administering lead acetate by gavage to neonatal rats. One
day after administration of the first dose of 50 mg/kg lead acetate,
lead had accumulated in the liver, kidney, intestine, and intestinal
contents. No lead wvas found in the blood, bone, or brain. Fifteen days
after the first dose, and after the 50-mg/kg dose had been repeated for
a total of five administrations, the highest concentration of lead was
found in the femur. Brain lead levels had also increased. No
accumulation of lead was observed i{in the lungs, heart, stomach, or
spleen over the dosing period.

Hammond (1971) reported high initial lead concentration in soft
tissues after administration of a single dose (route unspecified) of
lead to rats, followed by rapid excretion and transfer of the lead to
bone. Hammond (1982) also reported that the distribution of lead
appeared to be independent of route of absorption and corresponded to
the three-compartment model of distribution.
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4.2.2.3 Pharmacokinetic models

A number of mathematical pharmacokinetic models for lead have been
proposed to explain and predict such parameters as intercompartmental
lead exchange rates, retention of lead in various pools, and relative
rates of distribution among the tissue groups.

An early model by Rabinowitz et al. (1976) described lead kinetics
in terms of three compartments: a central blood compartment, a soft
tissue compartment, and a bone compartment (see Fig. 4.1). This model
predicted half-1ife durations of increasing length from blood to soft
tissue to bone compartments. Bone is calculated to contain most of the
total body burden of lead in this model.

The generation of more recent data on lead pharmacokinetics has
allowed for a refinement of this three-compartment model. Marcus
(1985a,b,c) has proposed a multicompartment kinetic model for lead that
addresses the diffusion of lead into bone and such principles as
plasma-erythrocyte lead interactions.

For the bone diffusion model, Marcus (1985a) used the lead kinetic
parameters generated for the dog. This model, which accounts for the
exchange of lead between blood in bone canaliculi and the crystalline
bone of the osteon, enables one to predict the effect of a number of
parameters (such as diffusion and surface area) on the kinetics of lead
in bone.

A sinilar multicompartment model was developed by Marcus (1985¢c) to
describe the kinetics of lead in plasma and erythrocytes. Based on the
data collected by DeSilva (1981), Marcus (1985c) incorporated four blood
lead compartments into his model: diffusible lead in plasma, protein-
bound lead in plasma, a "shallow® erythrocyte pool, and a "deep”
erythrocyte pool. This relationship {s depicted in Fig. 4.2. When this
model is applied to the data of DeSilva (1981), a curvilinear
relationship results between plasma and blood lead levels. One factor
that may account for this nonlinearity is the induction of lead-binding
proteins in the erythrocytes as blood lead levels increase (Gonick et
al. 1985; Raghaven and Gonick 1977; Raghaven et al. 1980, 1981).

4.2.2.4 Transplacental transfer

Transplacental transfer of lead in humans has been demonstrated in
a number of studies, and lead has been identified in umbilical cord
blood. In the work of Bellinger et al. (1987a), the mean lead
concentration t SD in umbilical cord blood from a sample size of >11,000
was 6.6 £ 3.2 ug/dL. In a study of 236 mothers and infants in Glasgow,
Scotland, the geometric mean blood lead levels were 14 ug/dL for the
mothers and 12 ug/dL for the infants (Moors et al. 1982). Fetal uptake
of lead occurs by the 12th week of development and increases throughout
development, as reported by Barltrop (1969) and Horiuchi et al. (1959).
These authors measured the highest lead levels in fetal bone, kidney,
and liver tissue, with lesser amounts present in the brain and heart.
" There is no metabolic barrier to the uptake of lead by the fetus (ATSDR
1988); therefore, exposure of women to lead during pregnancy results in
uptake by the fetus. Moreover, as discussed in Sect. 4.2.2.1, in this
subsection on distribution of lead in mineralizing tissue of humans, the
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physiological stress of pregnancy may result in mobilization of lead
from maternal bone, further increasing the uptake of lead by the fetus.
Thus, the fetal uptake of lead can occur from a mother who was exposed
to lead before pregnancy, even if no lead exposure occurred during

pregnancy.
§.2.3 Metabolisa

Inorganic lead ion in the body is not known to be "metabolized" or
biotransformed per se; primarily, it is absorbed, distributed, and then
excreted (Hammond 1982). Conversely, alkyl lead compounds are actively
metabolized in the liver by oxidative dealkylation catalyzed by
cytochrome P-450 (Jensen 1984).

Most of the work done to elucidate the mechanism of alkyl lead
metabolism has been performed using experimental animals.

4.2.3.1 BRuman

Relatively few human studies that address the metabolism of alkyl
lead compounds were found in the available literature.

In volunteers exposed by inhalation to 2°3Pb-tetrnethy1 and
-tetramethyl lead, radiocactivity was cleared from the blood within 10 h,
followed by a reappearance of radioactivity (Heard et al. 1979). The
level of radioactivity initially in the plasma was high, indicating that
tetraalkyl/trialkyl lead was present. The subsequent rise in blood
radioactivity, however, showed that essentially all was present
intracellularly, indicating that inorganic or dialkyl lead was present.
These results suggest that after the clearance of the tetraalkyl lead
from the blood, dealkylation occurred, perhaps in the liver, accounting
for the reappearance of radiocactivity in the form of inorganic or
dialkyl lead in the blood.

The trialkyl lead metabolites of tetraethyl lead and tetramethyl
lead have been found in the liver, kidney, and brain following human
exposure to the parent tetraalkyl compound; and they have been detected
in human brain tissue in individuals with no known occupational exposure
to tetraethyl lead or tetramethyl lead (Bolanowska et al. 1967, Nielsen
et al. 1978).

4.2.3.2 Animal

The dealkylation, mediated by cytochrome P-450, of alkyl lead
compounds is thought to occur in the rat, mouse, and rabbit. This step
converts tetraethyl lead and tetramethyl lead to the triethyl and
trimethyl metabolites, respectively (EPA 1986a). In addition to
oxidative dealkylation, tetraethyl lead may decompose chemically in the
gastrointestinal tract, on the skin, or in the tissues (Jensen 1984).

Further biotransformation of these intermediate metabolites is
highly species-specific. Rats are not known to convert triethyl lead to
the diethyl form (Bolanowska 1968), but significant amounts of diethyl
lead are measured in rabbit urine after alkyl lead administration (Arai
et al. 1981). Final conversion to inorganic lead may take place,
aithough trialkyl lead compounds are usually stable in biological
tissues (Cremer 1965).
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4.2.4 Excretion

In man or animals, any dietary lead not absorbed by the
gastrointestinal tract is eliminated in the feces. Airborne lead that
has been swallowed and not absorbed is eliminated in a similar fashion.
The lead that is not retained is either excreted by the kidney or
excreted through biliary clearance into the gastrointestinal tract (EPA
1986a).

4.2.4.1 Buman

Using the data of Kehoe (196la,b,c), Rabinowitz et al. (1976), and
Chamberlain et al. (1978), Rosen (1985) found that 50 to 60% of the
absorbed fraction of lead in adults in a steady-state condition with
regard to lead intake/output was excreted on a short-term basis.
Chamberlain et al. (1978) found the half-1life of this short-term
fraction to be 19 days.

From comparison of data on lead kinetics for children and adults,
infants apparently have a lower total excretion rate for lead. Young
children (infants from birth to 2 years of age) have been shown to
retain 348 of the total amount of lead absorbed, based on a study by
Ziegler et al. (1978), whereas data by Rabinowitz et al. (1977)
demonstrate only a 1% retention of an absorbed dose of lead in adults.

Excretion of alkyl lead compounds in humans has been reported to
occur primarily through the feces after inhalation exposure (Machle
1935).

For individuals who are not exposed occupationally to alkyl lead
compounds, a normal value for lead in urine is 0.06 mg/L. Moderately
exposed workers were shown to have mean levels of lead in urine of 0.09
to 0.15 mg/L (Robinson 1974).

4.2.4.2 Animsl -

In experimental animals, the relative contribution of the urinary
and fecal routes to overall lead excretion is dose and species
dependent. In the rat, initial excretion occurs in the urine, followed
by greater excretion in the feces (Morgan et al. 1977, Castellino and
Aloj 1964, Klaassen and Shoeman 1974). As the dose increases, the
proportion of the lead excreted into the gut via bile increases
(Klaassen and Shoeman 1974). Biliary excretion of lead by dogs amounted
to ~2% of that by rats, and biliary excretion of lead by rabbits
amounted to ~50% of that by rats (Klaassen and Shoeman 1974).

Species differences also exist in the rate and extent of total lead
excretion. In rats, >50% of orally or parenterally administered lead was
excreted in 6 to 14 days (Morgan et al. 1977, Moncilovic and Kostial
1974, Castellino and Aloj 1964, Klaassen and Shoeman 1974). Dogs
excreted 52% of injected lead by 21 days, 83% by 1 year, and 87% by
2 years (Lloyd et al. 1975). Adult mice excreted 62% of injected lead by
50 days (Keller and Doherty 1980a), and adult rhesus monkeys excreted
18% in 4 days (Pounds et al. 1978).

In rats, excretion of lead was biphasic, with half-lives of 21 h
for the fast phase and 280 h for the slow phase (Morgan et al. 1977).
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Dogs excreted lead in three phases, with half-lives of 12, 184, and
4,951 days (Lloyd et al. 1975). The half-life of the terminal phase of a
biphasic elimination curve for mice was 110 days (Keller and Doherty
1980a).

Lead can also be excreted in the milk of lactating animals (Keller
and Doherty 1980b, Lorenzo et al. 1977, Kostial and Momcilovic 1974).

The renal tract i{s the main route of lead excretion of various
species exposed to alkyl lead compounds (Grandjean and Nielsen 1979).
Rabbits given tetraethyl lead parenterally excreted diethyl lead (69%),
inorganic lead (27%), and triethyl lead (48) (Arai et al. 1981).

4.3 TOXICITY

Most of the human dose-effect data for the effects of lead are
available in terms of internal exposure levels (i.e., blood lead levels)
rather than in terms of external exposure levels. Exposure to lead in
occupational studies is primarily through inhalation, although some
contribution to body burden is derived from the oral route. Conversely,
the general population, including children, is exposed to lead primarily
through the oral route, but with some contribution to body burden
through inhalation. The human occupational and general population
studies are, accordingly, discussed in the subsection corresponding to
the primary route of exposure for the study group, but this in no way
implies that exposure occurred exclusively by that route.

4.3.1 Lethality and Decreased Longevity

4.3.1.1 Inhalation

Human. Mortality data for workers exposed occupationally to lead
have been analyzed (EPA 1986a). Cooper et al. (1985) reported a cohort
mortality study of employees at lead-producing facilities. Two cohorts
of male lead workers, 4,519 battery plant workers, and 2,300 lead
production workers, all of whom had been employed for at least 1 year
during 1946 through 1970, were studied for mortality from 1947 through
1980. Overall mortality and standardized mortality ratios were
determined. From 1947 through 1972, mean blood lead levels were
determined to be 63 ug/dL for 1,326 battery workers and 80 ug/dL for 537
lead production workers. (Blood lead data were not available for many of
the workers, and most of the monitoring was done after 1960.) The number
of observed deaths from all causes combined was significantly greater
(P < 0.01) than expected for both groups. The increased mortality rates
resulted in large part from malignant neoplasms; chronic renal disease,
including hypertension and nephritis; and "ill-defined" causes. It
should be noted that this study has been criticized during evaluation of
cancer mortality data because of lack of control for potentially
confounding exposures to other chemicals and for smoking (EPA 1988a).

Animal. Lethality data for animals exposed to inorganic lead
compounds by inhalation were not found in the available literature. The
1-h inhalation LC50s i{n rats for totra-ethyl and tetraethyl lead were
reported to be 8,870 and 850 ng/n (Cremer and Callaway 1961).
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High rates of mortality were observed in rats exposed to
tettanethyl lead for 7 h/day, S dayl/week at 63 mg/m3 for 10 days,
49 ng/n for 18 days, and 22 ng/n for 35 days (Davis et al., 1963). In
rats similarly exposed to tetraethyl lead, high rates of mortality
occurred at 46 ng/n for 5 days and 22 ng/n for 14 days. The rats that
died from exposure to either chemical died in a comatose state following
the development of convulsions. No trontnent related mortality was
observed for either chemical at 12 ng/n for up to 150 days.

Dogs exposed to tetramethyl lead for 7 h/day, 5 days/week at
212 mg/m3 died within 15 days; dogs exposed on the same schedule at
4 ng/m’ died after 84 to 107 exposures (Davis et al. 1963) All dogs
similarly exposed to tetraethyl lead at 12 to 42 ng/n died vithin
30 days. The tetraethyl lead experiment did not include a 4- mg/n group.

4.3.1.2 Oral

Human. In children, entry of lead into the body occurs primarily
by ingestion, although inhalation also contributes to body burden. Once
lead intoxication has proceeded to encephalopathy, the risk of death
exists. Dose-response information on a pediatric population relating
blood lead levels with the occurrence of acute encephalopathy and death
was compiled by NAS (1972) using data from Chisolm (1962, 1965) and
Chisolm and Harrison (1956). The range of blood levels associated with
encephalopathy was ~90 to 700 or 800 ug/dL (mean ~330 ug/dL), and the
range assoclated with death was ~125 to 750 ug/dL (mean: 327 ug/dL).

The mortality rate for untreated lead encephalopathy in children
was ~65% prior to the introduction of chelation therapy (EPA 1986a).
With the advent of chelation therapy, first with BAL (2,3-dimercapto-1-
propanol, dimercaprol, British Anti-Lewisite), and shortly thereafter
with CaNa2EDTA (calcium disodium ethylenediaminetetraacetate), mortality
was reduced to ~25 to 33%. The introduction of combined BAL-CaNa2EDTA
therapy in 1960 reduced mortality to <58 (Chisolm 1968).

In adults, a direct association between lead level in the aorta and
death from heart-related disease was found in a study of 75 autopsies of
persons who had resided in a soft-water, leached soil region of North
Carolina (Voors et al. 1982). Details of this study are described in
Sect. 4.3.2.3 on cardiovascular toxicity, in the subsection on oral
exposure in humans.

Animal. Oral LDSQ values for lead compounds were not found in the
available literature. Sax (1984), however, listed LD10 values for a
number of lead compounds (Table 4.1). An LD1o is defined as the lowest
dose of a substance given over any given period of time in one or more
divided portions reported to have caused death (Sax 1984). Furthermore,
unlike LD50s, since these values are not derived statistically,
comparisons between compounds and species are difficult. Nevertheless,
it is apparent that the alkyl lead compounds are substantially more
toxic than the inorganic lead compounds.

In a 2-year feeding study, rats were given lead acetate in the diet
at lead concentrations of 0, 10, 50, 100, 500, 1,000, or 2,000 ppm (Azar
et al. 1973). (This study is described in more detail in Sect. 4.3.2.1
on systemic/target organ toxicity, in the subsection on effects on heme
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Table 4.1. Oral LD, values for lead compounds

LDyo LD
Compound Species  (mg/kg compound) (mg/kg Pb)

Lead acetate Dog 300 191
Lead chioride Guinea pig 2,000 1,490
Lead nitrate Guinea pig 500 313
Lead oxide Dog 1,400 1,300
Lead sulfate Dog 2,000 1,366

Guinea pig 30,000 20,500
Tetraethyl lead Rat 17 11

Rabbit 30 19
Tetramethyl lead  Rabbit 24 19

Source: Sax 1984,
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synthesis and erythropoiesis in animals after oral exposure.) The
percentage mortality, as compared with controls, was slightly increased
in males at 500 and 2,000 ppm but not at 1,000 ppm and in females at
1,000 ppm but not 2,000 ppm; statistical analyses were not provided. The
authors stated that the reason for these discrepant results was not
known. The apparent lack of a dose-response relationship in either sex
precludes meaningful conclusions regarding effect levels for mortality
in this study.

In a drinking water study, groups of eight young (21 days old),
eight adult (8 months old), and eight old (16 months old) male F344 rats
were administered O or 50 ppm of lead acetate in the drinking water for
11 months (Cory-Slechta 1987). The incidence of mortality in all three
treated groups was similar to the incidence in the age-matched control
groups: 0/8 treated vs 1/8 control for the young rats, 1/8 treated vs
0/8 control for the adult rats, and 3/8 treated vs 2/8 control for the
old rats. Deaths in the old and adult groups were attributed to tumors
(tumor type not specified). Blood lead levels in the lead-treated groups
at 6 and 11 months of treatment were 14.1 and 8.5 ug/dL in young rats,
25.1 and 15.9 ug/dL in adult rats, and 29.6 and 29.6 ug/dL in old rats.
Blood lead levels in the control groups were "negligible® (detection
limit 5 ug/dL)}.

4.3.1.3 Dermal

The only data located regarding lethality of dermally applied lead
compounds are LD10s for alkyl lead compounds in animals. For tetraethyl
lead, dermal LD10s are 830 mg/kg (532 mg/kg Pb) for rabbits and 995
ag/kg (637 mg/kg Pb) for guinea pigs (Sax 1984). For tetramethyl lead,
the dermal LDio is 3,391 mg/kg (2,628 mg/kg Pb) for rabbits (Sax 1984).

4.3.2 Systemic/Target Organ Toxicity

4.3.2.1 Effects on heme biosynthesis and erythropoiesis

The process of heme blosynthesis is outlined in Fig. 4.4. Lead
interferes with heme biosynthesis by altering the activity of three
enzymes: delta-aminolevulinic acid synthetase (ALA-S), delta-
aminolevulinic acid dehydrase (AlLA-D), and ferrochelatase. Lead
indirectly stimulates the mitochondrial enzyme ALA-S, which catalyzes
the condensation of glycine and succinyl-coenzyme A to form delta-
aminolevulinic acid (ALA). The activity of ALA-S is the rate-limiting
step in heme biosynthesis; increase of ALA-S activity occurs through
feedback derepression. Lead directly inhibits the cytosolic enzyme ALA-
D, which catalyzes the condensation of two units of ALA to form
porphobilinogen. Inhibition of ALA-D and feedback derepression of ALA-S
result in accumulation of . Lead decreases the activity of the
mitochondrial enzyme ferrochelatase, which catalyzes the insertion of
iron (II) into the protoporphyrin ring to form heme. The action of lead
on this enzyme occurs either by direct inhibition or by alteration of
intramitochondrial transport of iron (EPA 1986a, Moore and Goldberg
1985).

Lead inhibition of ferrochelatase results in an accumulation of
protoporphyrin IX, which is present in the circulating erythrocytes as



66 Section 4

MITOCHONDRION

MITOCHONDRIAL MEMBRANE

GLYCINE

SUCCINYL-CoA

+ = T,

ALA SYNTHETASE

(NCREASE) noumnoroponmvrm <}H-

?

Pb (DIRECTLY OR
« BY DEREPRESSION) :
Y
AMINOLEVULINIC ACD
(ALA)
DEHNSAYDRASE oY
(DECREASE) Pb (Ncaf’AsE)
> > >
PORPHOBILINOGEN

Fig. 44. Effects of load on heme blssynthesis. Source: EPA 1986a.

RON



Toxicological Data 67

zinc protoporphyrin (ZPP), due to the placement of zinc, rather than
iron, in the porphyrin moiety. ZPP is bound in the heme pockets of
hemoglobin and remains there throughout the life of the erythrocyte.
Assays used in studies of protoporphyrin accumulation measure ZPP or
total erythrocyte protoporphyrin (EP) [also called free erythrocyte
protoporphyrin (FEP), because ZPP is converted to this form during
extraction]. Because accumulation of ZPP occurs only in erthrocytes
formed during the presence of lead in erythropoletic tissue, this effect
will be detectable in circulating erythrocytes only after a lag time
reflecting maturation of erythrocytes and will not reach steady state
until the entire population of erythrocytes has turned over, in ~120
days (EPA 1986a, Moore and Goldberg 1985).

A marked interference with heme synthesis results in a reduction of
the hemoglobin concentration in blood. Decreased hemoglobin production,
coupled with an increase in erythrocyte destruction, results in a
hypochromic, normocytic anemia with associated reticulocytosis.
Decreased hemoglobin and anemia have been observed in lead workers and
in children with prolonged exposure at higher blood lead levels than
those noted as threshold levels for inhibition or stimulation of enzyme
activities involved in heme synthesis (EPA 1986a).

The increase in erythrocyte destruction may be due in part to
inhibition by lead of pyrimidine-5’-nucleotidase, which results in an
accumulation of pyrimidine nucleotides (cytidine and uridine phosphates)
in the erythrocyte or reticulocyte. This enzyme inhibition and
nucleotide accumulation affect erythrocyte membrane stability and
survival by alteration of cellular energetics (Angle et al. 1982, EPA
1986a).

Inhalation, human. One experimental study of the effects of
inhalation exposure to lead on heme synthesis in humans was available.
In this study (Griffin et al. 1975), adult male volunteers were exposed
to particulate lead at 3.2 or 10.9 p;/- Pb in air for 23 h/day for 3 to
4 months. Mean blood lead levell increased from 20 ug/dL (preexposure)
to 27 ug/dL at the 3.2- pg/- exposurs lcvel and from 20 ug/dL
(preexposure) to 37 ug/dL at the 10, 9~yg/l exposure level ALA-D
decreased to ~80% of preexposure values in the 3.2- pg/- group after
5 weeks of exposure and to ~53% of preexposure values in the 10.9- pg/l
group after 4 weeks of exposure. Increases in AlA-S activity have been
observed in lead workers (Takaku et al. 1973, Campbell et al. 1977,
Meredith et al. 1978). Leukocyte ALA-S was stimulated at a blood lead
level of 40 ug/dL (Meredith et al. 1978), a level at which ALA-D
activity is already significantly inhibited. ALA-D activity correlated
inversely with blood lead levels in occupationally exposed individuals
(Alessio et al. 1976, Wada et al. 1973, Secchi et al. 1974), as has been
seen in subjects with no occupational exposure (see the subsection
"Oral, human,” below). Secchi et al. (1974) found that erythrocyte ALA-D
and hepatic ALA-D activities were correlated directly with each other
and correlated inversely with blood lead levels in the range of 12 to 56

#g/dL.

Inhibition of ALA-D and stimulation of ALA-S result in increased
levels of ALA in blood or plasma and in urine. The results of the
Meredith et al. (1978) study on lead workers and controls indicated an
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exponential relationship between blood lead and blood ALA which extended
through the lowest blood lead level, 18 ug/dL. Numerous studies reported
direct correlations between blood lead level and log urinary ALA in
workers (EPA 1986a), and some of these studies indicated that
correlations can be seen at blood lead levels below 40 ug/dL (Selander
and Cramer 1970, Lauwerys et al. 1974, Tsuchiya et al. 1978), although
the slope may be different (less steep) than at blood lead levels

>40 ug/dL.

The elevation of erythrocyte EP or ZPP in lead workers has been
documented extensively (EPA 1986a). In {ts evaluation of the available
data, the EPA (1986a) concluded that correlations between blood lead
levels and log EP or ZPP indicate an apparent threshold for EP elevation
in male workers at 25 to 30 ug/dL (Roels et al. 1975, Joselow and Flores
1977, Grandjean and Lintrup 1978, Odone et al. 1979, Herber 1980). The
threshold for EP elevation appears to be somewhat lower (15 to 20 ug/dL)
(EPA 1986a) in women than in men (Stuik 1974; Roels et al. 1975, 1976,
1979; Toriumi and Kawai 1981), regardless of whether exposure is
primarily by inhalation (occupational) or oral (nonoccupational). These
studies were controlled for possible confounding factors such as iron
deficiency or age, both of which increase the erythrocyte ZPP.

An increase in urinary coproporphyrin has long been recognized in
workers with lead poisoning and used as an indicator of excessive
exposure to lead (EPA 1986a). The EPA (1986a) identified a lowest-
observed-effect level (LOEL) for elevated coproporphyrin at a blood lead
level of 40 ug/dL, but did not present the basis for this conclusion.

The EPA (1986a) concluded that the threshold for a decrease in
hemoglobin in occupationally exposed adults is a blood lead level of
50 ug/dL, based on evaluations of the data of Tola et al. (1973),
Grandjean (1979), Lilis et al. (1978), Wada et al. (1973), and Baker et
al. (1979). The LOEL for frank anemia in adults was reported by the EPA
(1986a) as a blood lead level of 80 ug/dL, apparently based on data from
the same studies.

Erythrocyte pyrimidine-5'-nucleotidase activity is inhibited in
lead workers, with the greatest inhibition and marked accumulations of
pyrimidine nucleotides apparent in workers with overt intoxication,
including anemia (Paglia et al. 1975, 1977). Pyrimidine-5’-nucleotidase
activity was correlated inversely with blood lead when corrected for an
enhanced population of young cells due to hemolytic anemia in some of
the workers (Buc and Kaplan 1978). Based (apparently) on the data of
Paglia et al. (1975) and Buc and Kaplan (1978), the EPA (1986a)
concluded that adults tend to show a threshold for inhibition of
pyrimidine-5’'-nucleotidase at a blood lead level of >44 ug/dL.

Inhalation exposure to alkyl lead through chronic sniffing of
leaded gasoline occurs in disadvantaged children residing in rural or
remote areas of Canada (Boeckx et al. 1977) and in rural American Indian
communities in the Southwest (Kaufman 1973). Alkyl lead compounds can be
metabolized not only to neurotoxic trialkyl lead metabolites, but also,
through further dealkylation, to inorganic lead. In one group of 43
children who all sniffed gasoline, mean blood ALA-D activity was
depressed to only 30% of that in controls and there was a significant
inverse correlation between ALA-D activity and frequency of sniffing
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(Boeckx et al. 1977). Two children with acute lead poisoning associated
with gasoline sniffing had markedly lowered hemoglobin levels and
elevated urinary ALA and coproporphyrin excretion (Boeckx et al. 1977).
Increased urinary lead levels measured during chelation therapy
indicated that significant inorganic lead was present.

Inhalation, animal. Pertinent data regarding the effects of
inhalation exposure on heme synthesis and erythropoiesis in animals were
not located in the available literature.

Oral, human. Two experimental studies of the effects of oral
exposure to lead on heme synthesis in humans were available. Two groups
of five women and one group of five men who ingested lead acetate at
20 ug/kg/day Pb every day for 21 days experienced decreases in
erythrocyte ALA-D by day 3 of lead ingestion (Stuik 1974). The decreases
becane maximal by day 14 and then remained constant through day 21. An
increase in EP occurred in the women, but not in the men, starting after
2 weeks of ingestion. Blood lead levels were ~15 ug/dL before exposure
and increased to ~40 ug/dL during exposure. Increased EP was observed in
five men at a higher dosage, 30 ug/kg/day Pb (which produced a mean
blood lead level of 46 ug/dL), starting after 2 weeks of lead ingestion
(Stuik 1974)., Similar results were reported by Cools et al. (1976) for
11 men ingesting lead acetate at an initial dosage of 30 ug/kg/day Pb,
which was decreased to 20 ug/kg/day Pb or less as necessary to maintain
a blood lead level of 40 ug/dL; the mean pre-exposure blood lead level
was 17.2 pg/dL.

General population studies indicate that the activity of ALA-D is
inhibited at very low blood lead levels, with no threshold yet apparent.
Hernberg and Nikkanen (1970) found that AlA-D activity was inversely
correlated with blood lead levels over the entire range of 3 to 34 ug/dL
in urban subjects never exposed occupationally. Other reports have
confirmed the correlation and apparent lack of threshold in different
age groups and exposure categories [children, oral--Chisholm et al.
(1985), Roels et al. (1976); adults, inhalation--see the subsection
"Inhalation, human,” above). As described in Sect. 4.3.3 on
developmental toxicity, Lauwerys et al. (1978) reported inverse
correlations between blood lead levels and ALA-D activity in mothers (at
delivery) and their newborns (cord blood). Blood lead levels ranged from
~3 to 30 ug/dL.

Correlations between blood lead levels and urinary ALA similar to
those observed in occupationally exposed adults (see the subsection
*Inhalation, human,® above) have also been reported in children [data of
J.J. Chisolm, Jr., reported by NAS (1972)]. A significant linear
correlation between blood lead level and log ALA was obtained for data
in children 1 to 5 years old with blood lead levels of 25 to 75 ug/dL.
The correlation was seen primarily at blood lead levels >40 ug/dL, but
some correlation may persist at <40 ug/dL.

Many studies have reported the elevation of erythrocyte EP or ZPP
as exponentially correlated with blood lead levels in children (EPA
1986a). The threshold for this effect in children is ~15 ug/dL (Roels et
al. 1976; Piomelli et al. 1977, 1982; Rabinowitz et al. 1986; Hammond et
al. 1985) and may be lower in the presence of iron deficiency (Mahaffey
and Annest 1986, Marcus and Schwartz 1987).
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. An increase in urinary coproporphyrin is known to occur in children
with lead poisoning and has been used diagnostically (EPA 1986a). The
EPA (1986a) reported a LOEL for this effect in children at 35 ug/dL, but
did not present the basis for this conclusion.

The blood lead threshold for decreased hemoglobin levels in
children is judged to be ~40 ug/dL (WHO 1977, EPA 1986a), based on the
data of Adebonojo (1974), Rosen et al. (1974), Betts et al. (1973), and
Pueschel et al. (1972), and that for frank anemia in children is 70
pg/dL (EPA 1986a), apparently based on data from the same studies. These
thresholds are somewhat lower than the corresponding thresholds in
occupationally exposed adults (see the subsection "Inhalation, human,”
above).

Erythrocyte pyrimidine-5’-nucleotidase is inhibited in children at
very low blood lead levels. A significant negative linear correlation
between pyrimidine-5'-nucleotidase and blood lead level was seen in 21
children with blood lead levels ranging from 7 to 80 ug/dL (Angle and
McIntire 1978). Similar results were seen in another study with 42
children whose blood lead levels ranged from <10 to 72 ug/dL (Angle et
al. 1982). Additional findings included a direct correlation between
cytidine phosphate levels and blood lead levels (log-log). There was no
indication of a threshold for these effects of lead in these two
studies.

In children, exposure to lead has been shown to inhibit formation
of the heme-containing protein cytochrome P-450, as reflected in
decreased activity of hepatic mixed-function oxygenases (Alvares et al.
1975, Saenger et al. 1984). Alvarez et al. (1975) reported that children
with clinical manifestations of acute lead poisoning did not metabolize
the test drug antipyrine as rapidly as did controls. Saenger et al.
(1984) reported a significantly reduced 6 beta-hydroxylation of cortisol
in children who had positive CaNa2EDTA tests as compared with a
negative, age-matched test group, controlling for free cortisol. These
reactions are mediated by hepatic mixed-function oxygenases.

Oral, snimal. Dose (blood lead)-effect information for heme
synthesis and hematological effects is available in a study by Azar et
al. (1973), in which groups of rats (controls--100/sex; treated--
50/sex/dose) and dogs (4/sex/dose) were fed lead acetate in the diet at
0, 10, 50, 100, or 500 ppm lead and additional groups of rats
(20/sex/dose) were fed 0, 1,000, or 2,000 ppm lead in the same manner
for 2 years. In rats, lead produced no effects at 10 ppm (blood lead
level = 11.0 ug/dL; not elevated above controls), significant inhibition
of ALA-D at 250 ppa (blood lead level 218.5 ug/dL), significant increase
in urinary ALA at 2500 ppa (blood lead level 277.8 ug/dL), and slight
but significant decreases in hemoglobin concentration and hematocrit at
21,000 ppm (blood lead level 298.6 ug/dL). In dogs, lead produced no
effects at <50 ppm (blood lead level <31.5 ug/dL), significant
inhibition of ALA-D at 2100 ppm (blood lead level 242.5 ug/dL), and no
effect on urinary ALA, hemoglobin, or hematocrit at any exposure level
(highest level, 500 ppm, blood lead level = 75.8 ug/dL). Control blood
lead levels were 12.7 and 16.4 ug/dL in the two rat groups and
15.8 ug/dL in the dog. Another end point from this study,
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carcinogenicity, and blood lead data for all groups are presented in
Sect. 4.3.6, carcinogenicity.

Studies in animals indicate that the effects of lead on heme
synthesis occur in many tissues. Oral exposure of rats to lead decreased
liver ALA-S activity (Silbergeld et al. 1982) increased spleen ALA-S
activity (Silbergeld et al. 1982), decreased kidney ALA-S activity
(Fowler et al. 1980), decreased brain (Gerber et al. 1978), liver, and
spleen (Silbergeld et al. 1982) ALA-D activity, and decreased kidney
ferrochelatase activity along with mitochondrial injury and disturbance
of function (Fowler et al. 1980).

Formation of the heme-containing cytochromes is inhibited in
animals treated intraperitoneally or orally with lead compounds.
Goldberg et al. (1978) found an inverse dose-effect relationship between
lead exposure and P-450 content of hepatic microsomes and also activity
of microsomal mixed-function oxygenasss. Meredith and Moore (1979)
demonstrated that increasing duration of exposure was associated with
decreasing microsomal P-450 content and decreasing microsomal heme
content. In addition, delays in the synthesis of the respiratory chain
hemoprotein cytochrome C have been noted during administration of lead
to neonatal rats (Bull et al. 1979).

Dermal. Pertinent data regarding the effects of dermal exposure to
lead on heme synthesis or erythropoiesis in humans or animals were not
located in the available literature.

General discussion. The impairment of heme synthesis by lead has a
far-ranging impact not limited to the hematopoietic system. The EPA
(1986a) summarized the known and potential consequences of the reduction
of heme synthesis as shown in Fig. 4.5. One of these consequences, the
decrease in cytochrome P-450 content and related enzyme activities in
many tissues, is summarized above. Other consequences are discussed in
sections to follow.

Effects on some steps in the heme synthesis pathway occur at very
low exposure levels, but there is some controversy as to the
toxicological significance of a depression in ALA-D activity in the
absence of a detectable effect on hemoglobin levels. The EPA (1986a) and
ATSDR (1988) are concerned about effects on the heme synthesis pathway,
however, because of the emerging evidence of a constellation of effects,
including inhibition of ALA-D and pyrimidine-5'-nucleotidase activities;
elevations in EP levels; reductions in serum 1,25-dihydroxyvitaain D
levels; and subtle neurobehavioral, electrophysiological, growth, and
blood pressure effects at low blood lead levels (10-15 ug/d and possibly
lower).

4.3.2.2 Nou:obohnyioral toxicity

Inhalation, human. Studies of occupationally exposed populations
are the main source of data for lead toxicity to adults. In these
studies, exposure was primarily by inhalation, but with an oral
component as well. Dose-response data were available in terms of blood
lead levels, rather than external exposure levels.
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The most severe neurobehavioral effect of lead in adults is lead
encephalopathy. Early symptoms that may develop within weeks of initial
exposure include dullness, irritability, poor attention span, headache,
muscular tremor, loss of memory, and hallucinations. The condition may
then worsen, sometimes abruptly, to delirium, convulsions, paralysis,
coma, and death (Aub et al. 1926, Cantarow and Trumper 1944, Cumings
1959, Teisinger and Styblova 1961). Histopathological findings in fatal
cases of lead encephalopathy in adults are similar to those i{in children
[see Sect. 4.3.2.2 on oral (human) exposure].

Severe lead encephalopathy (s generally not observed in adults
except at blood lead levels well in excess of 120 ug/dL (Kehoe
196la,b,c). Other data (Smith et al. 1938) suggest that acute lead
poisoning, including severe gastrointestinal symptoms and/or signs of
encephalopathy, can occur in some adults at blood lead levels of
~100 ug/dL, but the data are somewhat ambiguous.

Evidence of overt neurotoxicity at lower exposure levels is
provided in the studies of Haenninen et al. (1979), Baker et al. (1979),
and Zimmermann-Tansella et al. (1983). Haenninen et al. (1979) reported
significantly increased central and peripheral nervous system and
gastrointestinal symptoms among 25 lead workers with maximum blood lead
levels of 50 to 69 ug/dL and significantly increased CNS symptoms among
20 lead workers with maximum blood lead levels <50 ug/dL. Referent
controls (N = 23) had average blood lead levels of 11.9. Baker et al.
(1979) reported that no smelter workers with blood lead levels <40 ug/dL
had signs or symptoms of lead intoxication, and 13% of smelter workers
with blood lead levels of 40 to 79 ug/dL had extensor muscle weakness or
gastrointestinal symptoms. In addition, 5% of the workers with 40 to
59 ug/dL blood lead levels, 14% with 60 to 79 ug/dL, and 36% with
>80 ug/dL had anemia.

A study comparing 288 lead-exposed workers (current or historical
blood lead >35 ug/dL) at three battery plants with 181 unexposed workers
(current blood lead level <35 ug/dL) at a truck frame plant reported a
few differences in neurobehavioral or psychosocial indices (Parkinson et
al. 1986). Because the lead-exposed workers were younger, less educated,
employed for fewer years, and earned less income than the unexposed
workers, the analysis adjusted for age, education, and income. Exposed
workers had mean current, time-weighted-average, and peak blood lead
levels of 40.0, 48.8, and 78.8 ug/dL, respectively. Blood lead data for
unexposed workers were not characterized in this manner. Exposed workers
had an increase in the number of work-related accidents and poorer
performance in a motor speed/manual dexterity test with the nondominant
hand, and greater levels of conflict in interpersonal relationships as
compared with unexposed workers. When multiple regression analyses vere
performed on the data for exposed workers, only the levels-of-conflict
measure showed a significant dose-response relationship with current or
cumulative blood lead levels.

Zimmerman-Tansella et al. (1983) and Campara et al. (1984) studied
20 unexposed men (mean blood lead level: 20.4 ug/dL), 20 men exposed to
low-lead levels (mean blood lead level: 31.7 ug/dL; range: 26 to
35 pg/dL) and 20 men exposed to high-lead levels (mean blood lead level:
52.5 pg/dL; range: 45 to 60 ug/dL) at an electric storage battery plant.
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Consistent and significant dose-response trends were observed in
symptoms such as loss of appetite, paresthesis in lower limbs, weakness
of upper limbs, and dropping of objects, with the most marked increases
in neurological symptoms in the high-lead group (Zimmerman-Tansella et
al. 1983). In addition, the high-lead workers performed significantly
less well on neurobehavioral tests, with general performance on
cognitive and visual-motor coordination tasks and verbal reasoning
ability most markedly impaired (Campara et al. 1984).

Taken together, the results of these studies of neurological signs
and symptoms at lower exposure levels indicate that the lowest-
observed-effect levels for overt signs and symptoms of neurotoxicity in
adults is in the range of 40 to 60 ug/dL and that these neurological
signs and symptoms occur at roughly the same blood lead levels as do
other overt signs and symptoms of lead intoxication, such as
gastrointestinal complaints (EPA 1986a).

Neurobehavioral testing has revealed effects in adults at blood
lead levels of ~30 ug/dL or more. Disturbances in oculomotor function
(saccadic eye movements) in lead workers with mean blood lead levels of
57 to 61 ug/dL were reported in a study by Baloh et al. (1979) with
follow-up by Spivey et al. (1980) and in a study by Glickman et al.
(1984) . Morgan and Repko (1974) reported deficits in hand-eye
coordination and reaction time in 190 lead-exposed workers (mean blood
lead levels: 60.5 ug/dL). Most of the workers had been exposed between 5
and 20 years. A similar study by Milburn et al. (1976), however,
reported no differences between control and lead-exposed workers on
neurobehavioral tests. Disturbances in reaction time, visual motor
performance, hand dexterity, IQ test and cognitive performance,
nervousness, mood, or coping ability were observed in lead workers with
blood lead levels of 50 to 80 ug/dL (Arnvig et al. 1980, Grandjean et
al. 1978, Haenninen et al. 1978, Hogstedt et al. 1983, Mantere et al.
1982, Valcuikas et al. 1978). As previously noted, Campara et al. (1984)
found that workers with blood lead levels of 45 to 60 ug/dL performed
less well on neurobehavioral tests. Hogstedt et al. (1983) found
impaired memory and learning ability in workers with time-weighted
average blood lead levels of 27 to 52 ug/dL. Baker et al. (1983)
observed impaired verbal concept formation, memory, and visual/motor
performance and increased rates of depression, confusion, anger,
fatigue, and tension among workers with blood lead levels >40 ug/dL.

The EPA (1986a) reviewed and evaluated 28 studies of peripheral
nerve function that measured the conduction velocity of electrically
stimulated nerves in the arm or leg of lead workers. Particularly
noteworthy studies will be summarized here. In prospective occupational
studies, Seppalainen et al. (1983) found decreased nerve conduction
velocities (NCVs) in workers with blood lead levels of 30 to 48 ug/dL,
wvhereas Spivey et al. (1980) found no significant differences in NCVs in
workers with blood lead levels of 60 to 80 ug/dL, relative to controls.
Effects in the study of Seppalainen et al. (1983) were seen in the
median (motor and sensory) and ulnar (motor and sensory) nerves of ~l1
high-exposure workers after 1 or 2 years of exposure. Spivey et al.
(1980) tested ulnar - .tor and slow fiber) and peroneal (motor) nerves
in 55 workers exposed 21 year.
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In cross-sectional occupational stucies, Rosen et al. (1983)
observed significant decreases in NCVs in fibular (motor) and sural
(sensory) nerves as a function of blood lead levels with duration of
exposure showing no effect, and Triebig et al. (1984) reported that
decreases in NCVs of ulnar (sensory, distal) and median (motor) nerves
were gseen primarily at blood lead levels >70 ug/dL. Duration of exposure
and number of lead-exposed workers in these two studies were 0.5 to
28 years and 15 workers (Rosen et al. 1983), and 1 to 28 years and 133
workers (Triebig et al. 1984). That the decrease in NCV is due to lead
is indicated by the study of Araki et al. (1980), in which median
(motor) NCVs in workers with mean blood lead levels of 52 ug/dL were
improved significantly when blood lead levels were lowered through
CaNa2EDTA chelation therapy.

The EPA (1986a) concluded that these studies, and the database as a
whole, indicate that NCV effects occur in adults at blood lead levels
<70 ug/dL, and possibly as low as 30 ug/dL. Ehle (1986), in reviewing
many of the studies of NCV effects considered by the EPA (1986a),
concluded that a mild slowing of certain motor and sensory NCVs may
occur at blood lead levels below 60 ug/dL, but that the majority of
studies did not find correlations between blood lead and NCV below
70ug/dL and that slowing of NCV is neither a clinical nor a subclinical
manifestation of lead neuropathy in humans. Ehle (1986), however, did
not cite or analyze the atudies by Rosen et al. (1983) or Seppaleinen et
al. (1983). Other reviewers have pointed out that decreases in NCV are
slight {n peripheral neuropathies (such as that induced by lead) that
involve axonal degeneration (Le Quesne 1987), and that although changes
in conduction velocity usually indicate neurotoxicity, considerable
nerve damage can occur without an effect on conduction velocity
(Anderson 1987). The EPA (1986a) noted that although many of the
observed changes in NCV may fall within the range of normal variation,
the effects repressnt departures from normal neurological functioning.
NCV effects are seen consistently across studies, and, although the
effects may not be clinically significant for an individual, they are
significant wvhen viewed on a population basis.

Inhalation, animal. Pertinent data regarding the neurobehavioral
toxicity of inhaled (inorganic) lead to animals were not located in the
available literature.

A study of the organolead compounds tetramethyl lnd tetraethyl lead -
reported CNS offocc- in rats exposed to 12 to 63 ng/- tetramethyl lead
or 12 to 46 -3/- tetrasthyl lead for 7 h/day, 5 days/week (Davis et al.
1963). Irritable, uncoordinated, and combative behaviors were early
signs of toxicity at all exposure levels. Convulsions, coma, and death
occurred within 5 to 35 days at all exposure levels but the lowest
(1.e., at 222 -g/- ). Animals that died and those sacrificed after 150
days had lesions in the brain and spinal cord. Dogs exposed in a similar
manner, but to lovor levels of these compounds, died even at the lowest
level tested, 4 u;/l , after 84 or 107 exposures, and had brain lesions.

Oral, human. In children, entry of lead into the body occurs
primarily by ingestion, although inhalation also contributes to body
burden. The available dose-response information is expressed in terms of
blood lead level rather than external exposure level.
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High-level exposure to lead produces encephalopathy in children.
According to the EPA (1986a), the most extensive compilation of dose-
response information on a pediatric population is the summarization by
the NAS (1972) of data from Chisolm (1962, 1965) and Chisolm and
Harrison (1956). This compilation relates the occurrence of acute
encephalopathy and death in children to blood lead levels determined by
the Baltimore City Health Department between 1930 and 1970. Other signs
of acute lead poisoning and blood lead levels formerly regarded as
asymptomatic were also summarized. An absence of signs or symptoms was
observed in some children at blood lead levels of 60 to 300 ug/dL (mean:
105 ug/dL). Acute lead poisoning symptoms other than signs of
encephalopathy were observed at blood lead levels of ~60 to 450 ug/dL
(mean: 178 ug/dL). Signs of encephalopathy (hyperirritability, ataxia,
convulsions, stupor, and coma) were associated with blood lead levels of
~90 to 700 or 800 ug/dL (mean: ~330 ug/dL). The distribution of blood
lead levels associated with death (mean: 327) was virtually the same as
for levels associated with encephalopathy.

Additional evidence from medical reports (Gant 1938, Smith et al.
1938, Bradley et al. 1956, Bradley and Baumgartner 1958, Cumings 1959,
Rummo et al. 1979) suggests that acute encephalopathy in the most
susceptible children may be associated with blood lead levels in the
range of 80 of 100 ug/dL (EPA 1986a). These latter reports were
evaluated in detail by the EPA (1977).

Histopathological findings in fatal cases of lead encephalopathy in
children include cerebral edema, altered capillaries, and perivascular
glial proliferation. Neuronal damage is variable and may be caused by
anoxia (EPA 1986a).

According to the EPA (1986a), numerous studies clearly show that
childhood lead poisoning with encephalopathy results in a greatly
increased incidence of permanent neurological and cognitive impairments.
Additional studies indicate that children with symptomatic lead
poisoning without encephalopathy (blood lead levels >80 to 100) also
have an increased incidence of lasting neurological and behavioral
impairments (EPA 1986a).

The EPA (1986a) reviewed a number of studies of asymptomatic
children with relatively high lead body burdens; these children were
identified through lead screening programs or other large-scale programs
focusing on mother-infant health relationships and early childhood
development. Studies that were conducted rigorously enough to warrant
consideration of their findings were those of de la Burde and Choate
(1972, 1975), Rummo (1974), Rummo et al. (1979), Kotok (1972), Kotok et
al. (1977), Perino and Ermhart (1974), and Ernhart et al. (1981). These
studies found that, in general, high-risk lead exposure groups performed
less well om IQ or other psychometric tests than did referent control
groups with lower lead exposures. Some of these studies did not control
for important confounding variables, such as parental IQ or educational
background, or, vhen reanalyzed taking these variables into account,
found that differences between lead-exposed and control children were
reduced or lost statistical significance. In addition, many of the
referent control groups tended to have what are now recognized to be
elevated blood lead levels (averaging 20 to 40 ug/dL). Nevertheless, the
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EPA (1986a) concluded that the consistent pattern of lower IQ values and
other neuropsychologic deficits among the higher lead exposure children
in these studies indicate that cognitive deficits occur in apparently
asynptomatic children with markedly elevated blood lead levels (starting
at 40 to 60 ug/dL and ranging up to 270 to 80 ug/dL).

The EPA (1986a) concluded that the average decrements of ~5 IQ
points observed in studies by de la Burde and Choate (1972), Rummo
(1974), and Rummo et al. (1979), described in more detail below,
represent a reasonable estimate of the magnitude of full-scale IQ
decrements associated with markedly elevated blood lead levels (mean ~50
to 70 ug/dL) in asymptomatic children.

De la Burde and Choate (1972) found a mean Stanford-Binet IQ
decrement of 5 points, fine motor dysfunction, and altered behavioral
profiles in 70 preschool children exhibiting pica for paint and plaster
and elevated blood lead levels (>30 ug/dL, mean: 58 ug/dL), as compared
with results for matched control subjects not engaging in pica for paint
and plaster. A follow-up study on these children at 7 to 8 years of age
(de la Burde and Choate 1975) reported a mean WISC Full Scale IQ
decrement of 3 points and impairment in learning and behavior, despite
decreases in blood lead levels since the original study.

Rummo (1974) and Rummo et al. (1979) observed hyperactivity and a
decrement of ~16 IQ points on the McCarthy General Cognitive Index (GCI)
among children who had previously had encephalopathy and whose mean
blood lead levels at the time of encephalopathy were 88 ug/dL.
Asymptomatic children with long-term lead exposures and mean blood lead
levels of 68 ug/dL had an average decrement of 5 IQ points on the
McCarthy GCI, and their scores on several McCarthy Subscales were
generally lower than those for controls, but were not significantly
different statistically (at P < 0.05), while children with short-term
exposure and blood lead levels of 60 ug/dL did not differ from controls.
Blood lead levels in controls did not exceed 40 ug/dL (mean 23 ug/dL).

A number of general population studies reviewed by the EPA (1986a)
evaluated asymptomatic children with lower lead body burdens than those
evalusted in the above studies. Some of these studies provide evidence
of an assoc{ation between neurobehavioral effects and the relatively low
body burdens representative of general pediatric populations. A study of
158 first- and second-grade children by Needleman et al. (1979) provides
acceptable evidence for the association of full-scale IQ deficits of ~4
points and other neurobehavioral defects with tooth dentine lead values
that exceed 20 to 30 ppm (EPA 1986a). Corresponding average blood lead
values would probably be in the rangs of 30 to 50 ug/dL (EPA 1986a). The
study has been reanalyzed in additional reports (Needleman et al. 1982,
1985; Bellinger and Needleman 1983) and critically evaluated by the EPA.
In comparison with children having low dentine lead levels (<10 ppm),
children having high dentine lead levels (>20 ppm) had significantly
lower Full-Scale WISC-R scores (Wechsler Intelligence Scale of
Children--Revised), with IQ deficits of -4 points, and significantly
poorer performance on tests of auditory and verbal processing, on a test
of attentional performance as measured by reaction time under conditions
of varying delay, and on a teachers’ behavioral rating (Needleman et al.
1979). The distribution of verbal IQ scores was shifted downward in the
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high-lead group, such that none of the children in the high-lead group
had verbal IQs >125, whereas 5% of the children in the low-lead group
had verbal IQs >125. Furthermore, children in the high-lead group were
three times more likely to have a verbal IQ <80 than were children in
the low-lead group (Needleman et al. 1982). Using regression analysis,
Bellinger and Needleman (1983) found that IQs of children in the high-
lead group fell bslow those expected based on their mothers’ IQs and
that the amount by which a child’s IQ fell below the expected IQ
increased with increasing dentine lead levels in what appeared to be a
nonlinear manner. That is, dentine lead level was not significantly
correlated with IQ residuals in the low-lead children or in the high-
lead children with 20 to 29.9 ppm dentine lead, but was significantly
correlated with IQ residuals in high-lead children with 30 to 39.9 ppn
dentine lead.

Schroeder et al. (1985) and Schroeder and Hawk (1987) evaluated 104
children of lower SES (socioeconomic status) on the Bayley Mental
Development Index (MDI) or Stanford-Binet IQ Scale at ages 10 months to
6.5 years. Hierarchical backward stepwise regression analyses indicated
that blood lead levels were a significant source of the variance in IQ
and MDI scores after controlling for SES and other factors. Fifty of the
children were examined again 5 years later, at which time blood lead
levels were <30 ug/dL. The 5-year follow-up IQ scores were inversely
correlated with contemporary and initial blood lead levels, but the
effect of lead was not significant after covariates, especially SES,
were included in the analysis.

Hawk et al. (1986) and Schroeder and Hawk (1987) replicated this
study with 75 black children, 3 to 7 years old, of uniformly low SES.
Backward stepwise multivariate regression analysis revealed a highly
significant linear relationship between Stanford-Binet IQ scores and
contemnporary blood lead levels over the entire range of 6 to 47 ug/dL.
The association was nearly as striking when past maximum or mean blood
lead levels were used. Because SES was uniformly low, it was not a
significant covariate. This feature of the study may limit the
applicability of the findings to the general U.S. population of
children, if SES and lead exposure interact in such a way that IQ {s
affected by blood lead at lower SES levels but not at high SES levels.

Fulton et al. (1987) studied 501 children, 6 to 9 years old, and of
higher and less uniform SES, in Edinburgh, Scotland. A major source of
lead exposure in Edinburgh is drinking water. The children were selected
from a larger sample of 855 (mean blood lead level: 10.4 ug/dL) by
taking all subjects in the top quartile of the blood lead distribution
from each of the 18 participating schools plus a random ~1 in 3
subsample of the remaining children. Mean blood lead level of the study
population was 11.5 ug/dL, with a range of 3.3 to 34 ug/dL. Blood lead
levels >25 ug/dL were found in ten children. Multiple regression
analyses revealed a significant inverse correlation between log blood
lead and the British Ability Scales Combined score (BACS) and attainment
test scores for number skills and word reading after adjustment for
confounding variables. Further analysis divided the children into ten
groups of ~50 based on blood lead level and plotted the group mean lead
values against the group mean difference from the school mean score,
adjusted for covariates. The authors reported that this analysis
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revealed a dose-effect relationship extending from the mean blood lead
level of the highest lead groups, 22.1 ug/dL, down through the mean
blood lead level of the lowest-lead group, 5.6 ug/dL, without an obvious
threshold.

Other general population studies of reascnably adequate or good
quality (Smith et al. 1983; Harvey et al. 1983, 1984; Lansdown et al.
1986; Pocock et al. 1987) have reported no statistically significant
effects of lead exposure on IQ or other neurobehavioral measures.

Several prospective studies which focused on neurcobehavioral
effects of prenatal exposure to lead are summarized in Sect. 4.3.3.2 on
developmental toxicity (oral, human).

Robinson et al. (1985) reported evidence of a lead-related decrease
in hearing acuity in children. Hearing thresholds at 2,000 Hz increased
linearly with maximum historical blood lead levels (6.2 to 56.0 ug/dL)
in 75 black children, 3 to 7 years old. The children were healthy and
did not have middle ear infections at the time of testing.

Schwartz and Otto (1987) analyzed audiometric results,
developmental milestone data (age at which a child first sat up, walked,
and spoke, according to parent’s recollection) and presence of
hyperactivity and speech difficulties in 4,519 children, 4-19 years old,
from the NHANES II data set. The analyses included possible covariates
or confounding variables that were then available from NHANES(II) data
[e.g., race, sex, head-of-household education level, income, dietary
factors, indices of iron deficiency and anemia (for developmental
milestones), and history of signs of ear infection (for audiometric
results)]. Because children’s blood lead levels decrease with age but
tend to remain in the same percentile within age group, data were
analyzed in two different ways: one with current blood lead as
independent variable and the other with blood lead percentile rank
within age group as independent variable. The possibility of an
association between age and audiometric results (hearing threshold) was
not addressed. Logistic regression analysis revealed that the
probability of elevated hearing thresholds for both ears at 500, 1,000,
2,000, and 4,000 Hz increased significantly with increasing blood lead
levels; this relationship was apparent across the entire range of blood
lead levels from <4 ug/dL to >50 ug/dlL. When the regression analysis
used blood lead percentile rank within age group as the independent
variable, the association with hearing was not significant. According to
the investigators, the lack of association with lead rank indicated that
the effect of lead was due to current rather than past lead exposure.
The probability that a child was hyperactive increased significantly
with increasing blood lead levels (as blood lead percentile rank within
age group). The probability of speech impairment, however, was not
related to blood Iead levels. Linear regression analysis demonstrated
that blood lead levels (as blood lead percentile rank within age group)
were significantly associated with delays in all three developmental
milestones.

Electrophysiological studies have provided evidence suggestive of
effects on CNS function at blood lead levels considerably <30 ug/dL, but
findings were inconsistent. Linear dose-effect relationships were
observed in slow-wave voltage during conditioning in a series of studies
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(Otto et al. 1981, 1982, 1985) on the same subjects studied by Schroeder
et al. (1985). The association was linear throughout the range of blood
lead values (6 to 59 ug/dL). No such relationships were observed in a
replicate test (Otto 1986), performed on the same subjects studied by
Schroeder and Hawk (1986). Brainstem auditory evoked potential (BAEP)
latency (Otto et al. 1985, Robinson et al. 1987), and pattern-reversal
visual evoked potential (PREP) latency (Otto et al. 1985, Winneke et al.
1984) and amplitude (Otto 1986, Otto et al. 1985) were also correlated
with blood lead levels. The specific components affected and the
direction of effect varied across studies.

Effects of lead on peripheral nerve function have been documented
in children. Frank peripheral neuropathy has been observed i{n children
at blood lead levels of 60 to 80 ug/dL (Erenberg et al. 1974). Of a
total of 14 cases of childhood lead neuropathy reviewed by Erenberg et
al. (1974), 5 also had sickle cell disease, a finding which the authors
suggested might indicate an increased susceptibility to lead neuropathy
among children with sickle cell disease. A case study (Seto and Freeman
1964) reported signs of peripheral neuropathy in a child with a blood
lead level of 30 ug/dL, but lead lines in the long bones suggested past
exposures leading to peak blood lead levels of 240 to 60 ug/dL and
probably in excess of 60 ug/dL (EPA 1986a). NCV studies have indicated
an inverse corrslation between peroneal NCV and blood lead levels over a
range of 13 to 97 ug/dL in children living near a smelter in Kellogg,
Idaho (Landrigan et al. 1976). The Kellogg, Idaho, data were reanalyzed
to determine whether a threshold exists for this effect. Three different
methods of analysis (segmental, logistic, and quadratic regressions)
revealed evidence of a threshold for NCV at blood lead levels of 20 to
30 ug/dL (Schwartz et al. 1988). A positive association between radial
and median NCVs and current (but not umbilical cord) blood lead levels
was observed in children with blood lead levels <25 to 30 ug/dL (Winneke
et al. 1984).

Oral, animsl. The literature on the neurobehavioral effects of
oral exposure to lead in animals is extensive, and it has been reviewed
in detail and carefully evaluated by the EPA (1986a). Only the studies
deemed most pertinent by the EPA (1986a) for clarifying human health
issues will be presented here. High levels of exposure to lead produce
encephalopathy in several species, but blood lead data for this effect
vere not available (EPA 1977, 1986a).

A number of histopathological studies of lead’s effects on the
nervous system of rats treated during early postnatal life with lead
acetate or carbonate in the drinking water or diet through their dams or
directly, generally for <3 weeks, have shown a variety of adverse
effects at blood lead levels ranging from 258 to 400 ug/dL. These
effects include reductions or delays in the development of the
hippocampus (Campbell et al. 1982, Alfano and Petit 1982, Petit et al.
1983, Alfano et al. 1982) and cerebral cortex (Averill and Needleman
1980, Petit and LeBoutillier 1979), reductions in the number and size of
axons in the optic nerve (Tennekoon et al. 1979), and demyelination of
peripheral nerves (Windebank et al. 1980).

Recent studies have focused on neurobehavioral effects of exposure
of the developing organism to lead. Studies concerned primarily with the
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effects of prenatal exposure are presented in Sect. 4.3.3 on
developmental toxicity, while studies concerned primarily with postnatal
exposure are discussed here.

Investigations of the development of motor function and reflexes in
rats have shown effects at blood lead levels 259 ug/dL. Kishi et al.
(1983) treated male rats with lead acetate at 45, 90, or 180 mg/kg/day
Pb by gavage on postnatal days 3 to 21 and found that the air righting
reflex was significantly delayed at all doses and eye opening was
accelerated at the lowest dose tested, which produced a mean blood lead
level of 59 ug/dL. Rotorod performance at postnatal day 53 to 58 was
significantly impaired at the highest dose, which produced a mean blood
lead level of 186 ug/dL. Overmann (1977) reported an adverse effect of
lead on rotorod performance at postnatal days 30 to 70 in rats treated
by gavage on days 3 to 21 of age with 30 mg/kg/day lead acetate, which
resulted in a mean blood lead level of 174 ug/dL, but no effect in rats
treated with 10 mg/kg/day lead acetate, which resulted in a mean blood
lead level of 33 ug/dL.

Several studies have reported effects on performance in learning
tasks in rats with blood lead levels <30 ug/dL. The lowest external
exposure level that was significantly associated with a behavioral
effect in rats was reported by Bushnell and Levin (1983), who found that
exposure of rats atarting at postnatal day 21 (postweaning) to drinking
water containing 10 ppm lead for 35 days produced a decrease in
spontaneous alternation in a radial arm maze. Although blood lead level
was not measured, the mean brain lead level on the day following
termination of exposure was 0.05 ug/g. By comparison with other studies
in which both blood and brain lead levels were measured, the EPA (1986a)
estimated that maximum blood lead levels in this study were probably
<20 ug/dL.

Other types of tests have also revealed behavioral changes in rats
exposed to low levels of lead. Cory-Slechta et al. (1985) reported
significant effects in rats exposed after weaning and throughout the
course of the experiment to lead acetate at 14.3 ppm lead in their
drinking water, which resulted in blood lead levels of 15 to 20 ug/dL.
The lead-exposed rats had a significantly higher response rate and a
significantly shorter interval between bar-press responses on a fixed-
interval operant schedule of food reinforcement. Similar results were
obtained at higher exposure levels in a series of earlier studies
(Cory-Slechta and Thompson 1979; Cory-Slechta et al. 1981, 1983), even
vhen the operant schedule or contingency for reinforcement was rather
different. According to the EPA (1986a), a tendency in lead-treated rats
to respond more rapidly (higher response rate, shorter inter-response
times, shorter response latency) or to respond even when inappropriate
(as wvhen no reward is provided for responses or when reward is
specifically withheld for responding) has been reported in many other
studies as well, frequently at blood lead levels <30 ug/dL at the time
of testing.

, Impairment has also been reported at lowv blood lead levels in other

types of behavior/learning studies in rats. In a test of spatial
discrimination, Winneke et al. (1977) exposed rats to lead acetate at
745 ppm lead in the diet indirectly via adaministration to their dams
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through gestation and lactation and then directly until testing (at 100
and 200 days of age). The lead-exposed rats were slower to learn the
discrimination than were controls. Their blood lead levels at postnatal
day 16 averaged 26.6 ug/dL and the levels at 190 days averaged 28.5
pg/dL. Schlipkoter and Winneke (1980) reported that rats exposed in a
similar manner, but to 25 or 75 ppm lead in the food until 7 months of
age, had significantly poorer performance on a spatial discrimination
learning task. Blood lead levels, tested at ~4 months of age, averaged
17.8 and 28.6 ug/dL in the low and high exposure groups; testing vas
performed at 7 months.

Studies of the effects of lead on learning in monkeys are also
available. Bushnell and Bowman (1979a,b), Levin and Bowman (1983),
Laughlin et al. (1983), and Mele et al. (1984) have used discrimination
reversal tasks to detect impaired learning in monkeys treated orally
with lead acetate. Discrimination reversal tasks require the subject to
correctly respond to one of two stimuli to get a reward and then, once
the task has been mastered, to make the reverse discrimination ({i.e.,
respond only to the cue formerly unpaired with reward). In these
studies, monkeys administered lead acetate orally from birth at levels
(0.3 or 0.9 mg/kg/day Pb, low- or high-lead) that produced blood lead
levels 232 ug/dL for 5 months to 1 year were consistently slower in
reversal and other learning tasks (Bushnell and Bowman 197%a, Levin and
Bowman 1983, Laughlin et al. 1983) even when exposure was terminated at
1 year and the monkeys were tested again at 33 months (Mele et al. 1984)
and 49 to 55 months of age (Bushnell and Bowman 1979b). No effects were
seen on body weight, growth rate, hematocrit, or general health. The
monkeys tested at 49 to 55 months of age had blood lead levels of
4 ug/dL for controls, 5 ug/dL for the low-lead group, and 6 ug/dL for
the high-lead group, as compared with average and peak blood lead levels
during the year of treatment of 4 and 12 ug/dL for controls, 32 and
70 ug/dL for the low-lead group, and 65 and 134 ug/dL for the high-lead
group (Bushnell and Bowman 1979a).

The above findings were supported and extended by other
investigators (Rice 1984, 1985a,c; Rice and Willes 1979; Rice and
Gilbert 1985; Gilbert and Rice 1987; Rice et al. 1979). These studies
demonstrated impaired learning ability on operant conditioning tasks and
discrimination reversal tasks and extended the dose-response
observations to lower blood lead levels. Monkeys were given a soluble
lead compound orally, 5 days/week, from birth throughout the duration of
the studies; doses ranged from 0.05 to 2.0 mg/kg/day Pb. Deficiencies in
discrimination reversal and/or operant learning were noted in the first
9 months and at 3 to 4 years with the highest dosage (Rice 1985c) and at
421 days through 3.5 years at 0.5 mg/kg/day Pb (Rice and Willes 1979,
Rice et al. 1979, Rice 1984). Peak and steady-state blood lead levels
were 115 and 33 ug/dL for the 2.0-mg/kg group and 55.3 and 32.8 ug/dL
for the 0.5 mg/kg group. Even at the lowest dosages, 0.05 and 0.1
mg/kg/day Pb, the monkeys performed significantly less well in learning
discrimination reversals at 3 to 4 years of age, in learning a delayed
alternation task at 6 to 7 years of age, and in learning discrimination
reversals in the presence of irrelevant cues at 9 to 10 years of age
(Rice 1985a,b; Gilbert and Rice 1987). In this series of studies on the
same monkeys, peak and steady-state blood lead levels were 15.4 and
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10.9 ug/dL for the 0.05 mg, kg group and 25.4 and 13.1 ug/dL for the
0.1 mg/kg group (Rice 1985a, Gilbert and Rice 1987).

In addition to the confirmation (Rice and Willes 1979, Rice 1985a)
of Bushnell and Bowman's (1979a,b) observation that lead-treated monkeys
were impaired in their ability to learn discrimination reversal tasks,
notable findings were the tendency of lead-treated monkeys to respond
excessively or inappropriately (e.g., with more responses than controls
during times-out) in operant schedules when responses were not rewarded
(Rice and Willes 1979). In addition, lead-treated monkeys were also
slower to learn reinforcement schedules which required a low rate of
responding (Rice and Gilbert 1985), tended to have higher response rates
and shorter inter-response times on fixed-interval operant schedules
(Rice 1985c), and made more perseverative errors on operant matching-
to-sample tasks which required them to direct their responses according
to stimulus colors (Rice 1984). These characteristic findings are
similar to those in rats, discussed previously.

Electrophysiological studies have reported effects at higher blood
lead levels than have the neurobehavioral studies presented above.
Suckling rats whose dams were given 0.2% lead acetate (2,000 ppm) in
their drinking water had significant alterations in the visual evoked
responses (VERs) and decreased scotopic visual acuity at postnatal day
21, at which time their blood lead levels averaged 65 ug/kg (Cooper et
al. 1980, Fox et al. 1977, Impelman et al. 1982, Fox and Wright 1982,
Winneke 1980). Effects on the nervous system were persistent; decreases
in visual acuity and spatial resolution were observed at 90 days of age
in rats exposed only from birth to weaning as noted above (Fox et al.
1982).

Dermal. Pertinent data regarding the potential neurobehavioral
toxicity of dermal exposure to lead were not located in the available
literature. :

General discussion. The data on neurobehavioral toxicity of
exposure to lead suggest that children are more sensitive, as indicated
by responses at lower blood lead levels, than are adult humans, and that
animals are affected at roughly the same blood lead levels as are
humans.

In humans, encephalopathy can occur at blood lead levels as low as
100 to 120 ug/dL in some adults (Kehoe 1961a,b,c; Smith et al. 1938) and
at blood lead levels as low as 80 to 100 ug/dL in some children (NAS
1972, EPA 1986a). This condition can result in death or in permanent
cognitive impairment, particularly in children. Furthermore, children
with high blood lead levels (>80 to 100 ug/dL) and symptoms of lead
poisoning, but no symptoms of acute encephalopathy, also have an
increased incidence of lasting neurological and behavioral impairment
(EPA 1986a). :

Adults have been found to have overt neurological signs and
symptoms and impairment on neurcbehavioral tests at blood lead levels as
low as 40 to 60 ug/dL (Haenninen et al. 1979; Baker et al. 1979, 1983;
Zimmermann-Tansella et al. 1983; Campara et al. 1984). These blood lead
levels are comparable to those at which other symptoms of lead
poisoning, such as gastrointestinal symptoms, occur. Decreased NCVs have
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been observed in adults at blood lead levels as low as 30 ug/dL
(Seppalainen et al. 1983).

In children with no symptoms of lead intoxication, neurobehavioral
impairment, including IQ deficits of ~5 points, has been associated with
mean blood lead levels of ~50 to 70 ug/dL (de la Burde and Choate 1972,
Rummo 1974, Rummo et al. 1979) and IQ deficits of -4 points have been
asgsociated with blood lead levels of 30 to SO ug/dL [estimated from
dentine lead values and other data by the EPA (1986a)] (Needleman et al.
1979). The highly significant inverse linear relationship between IQ and
blood lead levels over the range of 6 to 46 ug/dL found by Hawk et al.
(1986) and Schroeder and Hawk (1987) in low-SES black children indicates
that IQ decrements may occur without evident threshold down to very low
blood lead levels. A study of children of higher and less uniform SES in
Edinburgh, Scotland, also reported a significant inverse dose-effect
relationship between blood lead level and cognitive ability, with no
threshold evident from the mean blood level of 22.1 ug/dL in the highest
lead group down to the mean blood lead level of 5.6 ug/dL in the lowest
lead group (Fulton et al. 1987). Hence, the lack of threshold in the
inverse relationship between blood lead level and cognitive function may
pertain not only to low SES children, but also to the general population
of children. The data of Fulton et al. (1987) provide evidence of IQ
deficits in children with lead exposure at blood lead levels <25 ug/dL
(ATSDR 1988). Additional evidence associating neurobehavioral deficits
with low blood lead levels of ~10 to 15 ug/dL or possibly lower can be
found in studies of the effects of prenatal exposure, discussed in Sect.
4.3.3.2 on developmental toxicity. It should be noted that the effects
of blood lead on IQ and other neurobehavioral scores are very small
compared with the effects of other factors such as parent’s IQ or
vocabulary (Fulton et al. 1987, Winneke et al. 1985a) but may have major
implications for public health when considered on a population basis
(Davis and Svendsgaard 1987, Grant and Davis 1987).

Hearing thresholds in children appear to be affected adversely by
lead exposure at low blood lead levels (Robinson et al. 1985, Schwartz
and Otto 1987). Robinson et al. (1981) reported that hearing thresholds
increased linearly with maximum historical blood lead levels of
6.2-56.0 pg/dL. In the analysis by Schwartz and Otto (1987), the
probability of elevated hearing thresholds increased significantly with
increasing blood lead level across the entire range of blood lead levels
studied (NHANES II data), from <4 ug/dL to >50 ug/dL, with no apparent
threshold. Robinson et al. (1985) did not include children with current
middle ear infection, but did not mention whether children were examined
for chronic middle ear changes, or whether age and other possible
confounding variables were controlled in the analysis of hearing
threshold data. The analysis by Schwartz and Otto (1987) included
history of signs of ear infection as variables, but results of a
physical examination for chronic middle ear changes were not available
for analysis (Chisolm 1987), and age may have been a confounding
variable. Evidence of electrophysiological changes (altered slow-wave
voltage during conditioning, changes in evoked potential measures and
peripheral nerve conduction velocities) has been observed in children at
low blood lead levels (15 to 30 ug/dL and possibly lower) (Otto et al.
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1981, 1982, 1985; Otto 1986; Robinson et al. 1987; Winneke et al. 1984;
Landrigan et al. 1976).

Studies of animals have shown delays in reflex development in rats
during early postnatal life at 259 ug/dL (Kishi et al. 1983) and
alterations in visual evoked responses and decreased visual acuity in
young rats at mean blood lead levels of 65 ug/dL (Cooper et al. 1980,
Fox et al. 1977, Impelman et al. 1982, Fox and Wright 1982, Winneke
1980). Decreases in visual acuity persisted through 90 days of age even
though exposure was terminated at 21 days of age.

Neurobehavioral effects, measured in various discrimination
reversal and operant learning tests, were observed in rats. Blood lead
levels as low as 15 to 20 ug/dL were associated with slower learning and
higher rates of inappropriate responses (Cory-Slechta et al. 1985,
Schlipkoter and Winneke 1980). Similar experiments in monkeys support
the findings in rats and extend the dose-response relationship to even
lower blood lead levels, comparable to those at which subtle effects are
seen in human children. Monkeys given a soluble lead compound at 0.05
mg/kg/day Pb orally from birth until neurobehavioral testing at 3 to 4,
6 to 7, and 9 to 10 years of age had peak and steady-state blood lead
levels of 15.4 and 10.9 ug/dL and performed significantly less well in
learning discrimination reversal and delayed alternation tasks than did
controls (Rice 1985a,b; Gilbert and Rice 1987). In addition, treatment
of monkeys orally with lead for the first year of life so as to produce
an average blood lead level of 32 ug/dL during that year resulted in
neurobehavioral effects that persisted from termination of exposure at
1 year though 49 to 55 months of age, at which time blood lead levels
had decreased to 5 ug/dL, virtually the same as control values (Bushnell
and Bowman 1979a,b).

4.3.2.3 Cardiovascular toxicity

As in previous sections, occupational exposure will be discussed
under inhalation and general population exposure will be discussed under
oral, recognizing that these are the major routes of exposure for these
categories, but that exposure occurs through the other routes as well.

Inhalation, human. Kosmider and Petelenz (1962) reported that 66%
of a group of adults 246 years old with chronic lead poisoning of
occupational origin had electrocardiographic abnormalities, a rate four
times the adjusted normal rate for that age group.

A study of 95 lead smelter workers (mean blood lead levels:
51 pg/dL) and matched unexposed controls (mean blood lead levels:
11 ug/dL) revealed a significantly higher incidence of ischemic
electrocardiographic (ECG) changes in the lead workers (20%) than in
controls (6%) (Kirkby and Gyntelberg 1985). In addition, a slight (4 to
5 mm Hg) but significant increase in diastolic blood pressure was seen
in the lead workers relative to controls. Systolic blood pressure was
not affected.

Another occupational study compared 53 lead-exposed male workers
(mean blood lead: 47.4 pg/dL, ranging up to 60 to 70 ug/dL) from a plant
processing lead and cadmium compounds with a control group of 52 workers
(mean blood lead: 8.1 ug/dL, with none exceeding 20 ug/dL) from a
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nonlead industry (de Kort et al. 1987). Blood pressure levels were
positively correlated with blood lead and urine cadmium levels, but not
with blood cadmium levels. The correlation for systolic pressure and
blood lead level remained significant after controlling for confounding
variables.

A prospective study of 89 Boston policemen revealed that high blood
lead level (230 ug/dL) was a significant predictor of subsequent
elevation in systolic blood pressure (Weiss et al. 1986). Low blood lead
level (20 to 29 ug/dL) was not. Diastolic pressure was unrelated to
blood lead.

Limited data on occupationally exposed men indicate that the effect
of lead on blood pressure may be mediated in part through the renin-
angiotensin system, as evidenced through lead-related increases in
plasma renin and angiotensin 1 levels (Campbell et al. 1985) and the
kallikrein-kinin systea, as indicated by a correlation between renin and
kallikrein (Boscolo et al. 1981). The paucity of data associating lead
with changes in hormonal systems that regulate blood pressure has
stimulated research in animal systems on the mechanism of lead’s
hypertensive action (discussed in the Oral, animal subsection).

Inhalation, animal. Pertinent data regarding cardiovascular
effects of inhalation exposure of animals to lead were not located in
the available literature.

Oral, human. Qualitative evidence linking lead exposure to cardiac
effects includes the finding of degenerative changes in cardiac muscle,
reported as the proximate cause of death in five fatal cases of lead
poisoning in young children (Kline 1960). Additional evidence is that
electrocardiographic abnormalities are fairly common in cases of
childhood lead encephalopathy, but disappear following chelation therapy
(EPA 1986a). Silver and Rodriguez-Torres (1968), for example, reported
abnormal electrocardiograms in 21 of 30 overtly lead-intoxicated
children prior to chelation therapy, but in only 4 of these children
after such therapy.

In adults, a study of 75 autopsies of persons who had resided in a
soft-water, leached soil region of North Carolina found a positive
correlation between lead level in the aorta and death from heart-related
disease (Voors et al. 1982). The association persisted after adjustment
for the effect of age. A similar correlation was found between cadmium
levels in the liver and death from heart-related diseass. (Aortic lead
and liver cadmium levels were considered to be suitable indices of
exposure.) The effects of the two metals appeared to be additive.
Potential confounding variables other than age were not included in the
analysis. The investigators stated that fatty liver (indicative of
moonshine alcohol consumption) and cigarette smoking did not account for
the correlations between lead, cadmium, and heart-disease death.

In a case-control study of clinically defined groups, 38 male
cardiovascular patients were compared with 48 matched normotensive
patients (Khera et al. 1980a). The cardiovascular patients were found to
have higher blood lead levels (mean: 44.9 ug/dL) than the normotensive
patients (mean: 29.0 ug/dL).
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In a study of 431 male civil service employees of the Paris police
department, Moreau et al. (1982) and Orssaud et al. (1985) found
significant correlations between blood lead levels and systolic blood
pressure. Adjusting for covariates, the blood pressure increased
consecutively from the first or lowest blood lead group (<12.4 ug/dL) to
the fourth (24.8 to 30.8 ug/dL). The overall increase across this range
of blood lead levels was 9 mm Hg.

Two large-scale general population studies, the British Regional
Heart Study (Pocock et al. 1984, 1985) and the U.S. NHANES II Study (as
analyzed by Harlan et al. 1985; Pirkle et al. 1985; Landis and Flegal
1987; Schwartz 1985a,b, 1986a,b), provide convincing evidence of small
but statistically significant direct associations between blood lead
levels and blood pressure in men (EPA 1986a). Pocock et al. (1984)
evaluated relationships between blood lead levels and hypertension in a
clinical survey of 7,735 men, age 40 to 49, from 24 British towns. A
small but significant correlation between systolic blood pressure and
blood lead level was found. Of the 74 men with blood lead levels higher
than 37 ug/dL, s higher proportion had systolic or diastolic
hypertension than did all other men combined. Reanalysis of the same
data resulted in highly significant associations between both systolic
and diastolic blood pressure and blood lead levels when adjustments were
made for variation due to site (town) in multiple regression analyses
(Pocock et al. 198S5).

Simple correlational analysis of the NHANES II data by Harlan et
al. (1985) revealed statistically significant linear associations
between blood lead levels and systolic and diastolic blood pressure for
both men and women, age 12 to 74 years., Multiple regression analyses
controlling for a number of other potentially confounding factors,
however, indicated significant associations between blood lead and blood
pressure only for the men.

Additional analyses of the same data set by Pirkle et al. (1985)
focused on white males (40 to 59 years of age) in order to avoid the
effects of collinearity between blood lead levels and blood pressure
evident at younger ages and because of a less extensive database for
nonvhites. Multiple regression analyses again revealed significant
correlations betwsen blood lead and blood pressure. No threshold was
found below which blood lead level was not significantly related to
systolic or diastolic blood pressure. Moreover, the analysis by Pirkle
et al. (1985) showed that large initial increments in blood pressure
occurred at relatively low blood lead levels, with a diminution of blood
pressure increments at higher blood lead levels. Lead wvas a significant
predictor of diastolic blood pressure 290 mm Hg, the criterion now
employed in the United States to define hypertension (EPA 1986a).

Other analyses of the NHANES 1I data for men have addressed the
issue of possible time-trend effects confounded by variations in
sampling sites (Landis and Flegal 1987; Schwartz 1985a,b, 1986a,b).
These analyses confirm that correlations between systolic or diastolic
blood pressure and blood lead levels in men remain significant vhen site
is included as a variable in multiple regression analyses.
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Oral, animal. Male rats given 1% (10,000 ppm) lead acetate in
their drinking water from 6 to 12 weeks of age had changes in the
myocardium, including myofibrillar fragmentation and separation with
edema fluid, dilation of the sarcoplasmic reticulum, and mitochondrial
swelling (Asokan 1974). Blood lead levels in these rats averaged 112
pg/dL, vs 5 ug/dL in controls.

Male rats given lead acetate at 50 ppm lead in the drinking water
for 160 days had markedly increased blood pressure of 182/138
(systolic/diastolic) as compared with 128/98 in controls (Iannaccone et
al. 1981). The mean blood lead level of the treated group was 38.4
pg/dL. Male rats administered lead acetate at 5 or 25 ppm lead in the
drinking water for 5 months (blood lead léevels of 5.6 and 18.2 ug/dL,
respectively) did not develop hypertension, although plasma renin
activity was increased at 25 ppm (Victery et al. 1982), Other studies
reviewed by EPA (1986a) also document increased blood pressure in
animals treated orally with lead but apparently did not report blood
lead levels. One of these studies, by Perry and Erlinger (1978),
reported an increase in systolic blood pressure in rats at a very low
exposure level (1 ppm lead in the drinking water for 6 months), but the
dietary and drinking water content of essential and nonessential metals
was abnormally low and the low-contamination quarters in which the rats
were housed also limited their exposure to essential and nonessential
metals. These conditions, which result in greater absorption of lead and
effects at lower lead intakes than when the diet is less restricted and
the living quarters less isolated, may not be as relevant to human
exposure. :

In reviewing the voluminous database on the mechanism of lead's
hypertensive action in animals, EPA (1986a) concluded that although
lead, even at very low levels, produces effects on the renin-angiotensin
systen in animals, these changes are not established as the cause of
hypertension. Rather, hypertension is more likely to be due to changes
in vascular reactivity and level of sympathetic tone, both of which may
be dependent on lead-related changes in intracellular calcium ion
concentration (EPA 1986a).

Dermal. Pertinent data regarding cardiovascular effects in humans
or animals from dermal exposure to lead were not located in the
available literature.

Genersl discussion. The evidence from occupational, clinical, and
general population studies suggests that lead affects the cardiovascular
system in humans, producing cardiac lesions and electrocardiographic
abnormslities at high levels of exposure and increases in blood
pressurs, particularly in middle-aged men, at very low levels of
exposure with no evident threshold through the lowest blood lead levels,
7 ug/dL. The contribution of lead, compared with many other factors
wvhich affect blood pressure, appears to be relatively small, usually not
accounting for more than 1 to 28 of the variation explained by the
models employed when other significant factors are controlled for in the
analyses (EPA 1986a).

The animal data support the human data and clearly demonstrate that
lead increases blood pressure under controlled experimental conditions.
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Interpretation of the blood lead/blcood pressure data in
epidemiological studies of the general population remains an area of
controversy, as reflected in the 1987 Symposium on Lead-Blood Pressure
Relationships (Environmental Health Perspectives, Vol 78, June 1988)
sponsored by the University of North Carolina at Chapel Hill, the
International Lead Zinc Research Organization, Inc., EPA, and the
American Heart Association. As summarized by Victery et al. (1988), both
SJ Pocock and J Schwartz, in considering the evidence from general
population epidemiological studies, concluded that & doubling of blood
lead level appeared to be associated with an increase of ~1-2 mm Hg in
systolic blood pressure. Pocock concluded that the overall evidence from
the human studies did not permit the inference of a causal relatiomnship
between blood lead and blood pressure. Schwartz concluded that although
a causal inference could not readily be drawn from the epidemiological
data alone, such an inference was consistent with the animal data. Based
on the data for both humans and animals, Schwartz concluded that a
causal relationship is likely.

4.3.2.4 Renal toxicity

The characteristics of early or acute nephropathy include nuclear
inclusion bodies, mitochondrial changes, and cytomegaly of the proximal
tubular epithelial cells; dysfunction of the proximal tubules (Fanconi's
syndrome) manifested as aminoacidurias, glucosuria, and phosphaturia with
hypophosphatemia; and increased sodium and decreased uric acid
excretion. These effects appear to be reversible. Characteristics of
chronic lead nephropathy include progressive interstitial fibrosis,
dilation of tubules and atrophy or hyperplasia of the tubular epithelial
cells, and few or no nuclear inclusion bodies, reduction in glomerular
filtration rate, and azotemia. These effects are irreversible. The acute
form is reported in lead-intoxicated children, whose primary exposure is
via the oral route, and sometimes in lead workers. The chronic form 1is
.eported mainly in lead workers, whose primary exposure is via
inhalation. Animal studies provide evidence of nephropathy similar te
that {n humans, and particularly to the acute form (Goyer 1985; EPA
1977, 1986a).

Inhalation, human. Richet et al. (1966) reported renal
abnormalities in 23 symptomatic lead workers whose blood lead levels
ranged from 30 to 87 ug/dL. Biopsies from 21 of these workers showed
minor glomerular hyalinization in five workers and major glomerular
disease in two workers. Interstitial fibrosis and arteriolar sclerosis
were seen in 19 workers and nuclear inclusion bodies in 13 workers.
Ballooning of the mitochondria was observed in the proximal tubule
epithelial cells.

In a study of 102 cases of occupational lead poisoning, seven cases
of clinically verified chronic nephropathy were found (Lilis et al.
1968). Endogenous creatine clearance was <80 ug/dL. The mean blood lead
level for the entire study population was 80 ug/dL (range: 42 to
141 ug/dL). Nephropathy was more common among those exposed to lead for
more than 10 years than among those exposed for less than 10 years.

Cramer et al. (1974) studied five lead workers exposed for 0.5 to
20 years, whose blood lead levels ranged from 71 to 138 ug/dL. The two
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subjects with normal glomerular filtration rates had intranuclear
inclusions in the proximal tubules, while the remaining three subjects
had decreased glomerular filtration rates, and peritubular fibrosis.
Glomeruli were normal in all subjects.

In a study of lead workers, Wedeen et al. (1975, 1979) identified
15 who had no other risk factors for renal disease and who had
previously unsuspected lead nephropathy (detected as reduced glomerular
filtration rates). Only three of the 15 men had ever experienced
symptoms of lead poisoning. Blood lead levels were as follows: >80 ug/dL
in one subject, 40 to 80 ug/dL in 11 subjects, and <40 ug/dL in three
subjects. Examination of renal biopsies from 12 of these men revealed
focal interstitial nephritis in 6, and nonspecific changes, including
deformed mitochondria, in the proximal tubules.

The EPA (1986a) concluded that these studies provide evidence for
chronic nephropathy being associated with blood lead levels ranging from
40 to >100 ug/dL. It should be noted, however, that blood lead levels
measured at the time of renal function testing may not fully reflect the
exposure history that contributed to the development of chronic
nephropathy in lead workers. Past exposure levels may have been higher.

Inhalation, snimal. Pertinent data regarding the renal toxicity of
inhalation exposure to lead on animals were not located in the available
literature.

Oral, human. Chisolm et al. (1955) and Chisolm (1968) reported
that the full Fanconi syndrome was present in some children with lead
encephalopathy. According to NAS (1972), the Fanconi syndrome is
estimated to occur in ~1/3 of children with encephalopathy and blood
lead levels >150 ug/dL. Aminoaciduria occurs at blood lead levels
>80 upg/dL in children with acute symptomatic lead poisoning (Chisolm
1962). The aminoaciduria ind symptoms of lead toxicity disappeared after
treatment with chelating agents (Chisolm 1962).

In a study of children with slight neurological signs indicative of
lead toxicity, aminoaciduria was found in eight of 43 children with
blood lead levels of 40 to 120 ug/dL (Pueschel et al. 1972). Although
blood lead levels were not reported specifically for the children with
aninoaciduria, the EPA (1986a) concluded that they were probably at the
high end of the range.

A study of adolescents who had been treated for lead intoxication
in early childhood (11 to 16 years earlier) revealed no evidence of
chronic nephropathy (Chisolm et al. 1976). Blood lead levels during the
acute poisoning episode ranged from 100 to 650 wg/dL; all patients
received immediate chelation therapy.

The EPA (1986a) concluded, on the basis of these studies, that
nephropathy occurs in children only at blood lead levels >80 ug/dL, and
usually exceeding 120 ug/dL.

Oral, animal. The EPA (1986a) reviewed a number of studies of
renal toxicity of lead in several species, including rats, dogs,
monkeys, and rabbits. The results indicate that histopathological
changes in the kidneys of lead-treated animals are similar to those in
humans, except that glomerular lesions were not reported in the animal
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studies. Reduced glomerular filtration rates and aminoaciduria were
reported in some of the animal studies.

Dose (blood lead)-effect data are available in the study of Fowler
et al. (1980). Rats exposed to lead acetate in the drinking water
through the dams during gestation and lactation and then directly until
9 months of age had the following external exposures (ppm Pb), internal
exposures (ug/dL Pb in blood), and renal effects: controls--0 ppm,

5 pg/dL, no lesions; 0.5 ppm, 4.5 ug/dL, no lesions; 5 ppm, 1l ug/dL,
cytomegaly; 50 ppm, 26 ug/dL, cytomegaly, intranuclear inclusion bodies,
and swollen mitochondria; 250 ppm, 67 ug/dL, cytomegaly, intranuclear
inclusion bodies, swollen mitochondria, and hemosiderin. These effects
occurred in the proximal tubule cells; no lesions were seen in the
glomeruli. No evidence of interstitial reaction or of tumor formation
was seen,

Dermal. Pertinent data regarding renal toxicity in humans or
animals following dermal exposure to lead were not located in the
available literature.

General discussion. As discussed in the previous section, the
hypertensive effects of lead may be mediated through effects on the
kidney. Lead appears to affect vitamin D metabolism in renal tubule
cells, such that circulating levels of the vitamin D hormone, 1,25-
dihydroxyvitamin D, are reduced. This effect is discussed in a separate
section,

4.3.2.5 Interference with vitamin D metabolisa

Inhalation. Pertinent data regarding the effects of inhalation
exposure to lead on vitamin D metaboliss in humans or animals were not
located in the available literature.

Oral, human. Lead appears to interfere with the conversion of
Vitamin D to its hormonal form, 1,25.dihydroxyvitamin D. This conversion
takes place via hydroxylation to 25-hydroxyvitamin D in the liver
followed by l-hydroxylation in the mitochondria of the renal tubule by a
complex cytochrome P-450 system (Mahaffey et al. 1982, Rosen and Chesney
1983). Evidence for this effect comes primarily from studies with
children, who are exposed to lead mainly by the oral route, although
inhalation also contributes to exposurs.

Rosen et al. (1980) observed that lead-exposed children with blood
lead levels of 33 to 120 ug/dL had marked reductions in serum levels of
1,25-dihydroxyvitamin D. Even in the range of 33 to 55 ug/dL, highly
significant depressions in circulating 1,25-dihydroxyvitamin D were
found, but the most striking decreases occurred in children whose blood
lead levels were >62 ug/dL. Children with blood lead levels >62 ug/dL
also had significant decreases in serum total calcium and ionized
calcium and significant increases in serum parathyroid hormone. Because
these conditions would tend to enhance production of 1,25-
dihydroxyvitamin D, this finding suggests that production of this
hormone was actually impaired (EPA 1986a).

A strong inverse correlation between 1,25-dihydroxyvitamin D levels
and blood lead was found over the entire range of blood lead levels
measured in the study (12 to 120 ug/dL), with no change in the slope of
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the line <30 ug/dL. Serum levels of 1,25-dihydroxyvitamin D returned to
normal within 2 days after chelation therapy, while no changes were seen
in levels of 25-hydroxyvitamin D (Rosen et al. 1980, 1981; Mahaffey et
al. 1982). These results are consistent with an effect of lead on renal
production of 1,25-dihydroxyvitamin D.

Oral, animal. Depression of plasma levels of 1,25-dihydroxyvitamin
D was observed in rats fed 0.82% lead in the diet as lead acetate for
7-14 days (Smith et al. 1981). High calcium diets protected against this
effect. An additional finding was that lead blocked the intestinal
calcium transport response to exogenous 1,25-dihydroxyvitamin D, but had
no effect on bone response to the vitamin D hormone. Although the lead
exposure and resulting blood lead levels (2174 ug/dL) were high in this
study, the results provide support for the observations in children,
described above.

Dermal. Pertinent data regarding the effects of dermal exposure to
lead on vitamin D metabolisma in humans or animals were not located in
the available literature.

General discussion. In lead-exposed children with blood lead
levels of 33 to 55 ug/dL, 1,25-dihydroxyvitamin D levels were reduced to
levels comparable to those observed in children with severe renal
insufficiency. In lead-exposed children with blood lead levels of 33 to
120 ug/dL, 1,25-dihydroxyvitamin D levels were depressed to levels
(s20 pg/mL) comparable to those found in vitamin D-dependent rickets,
type 1--an inborn error of vitamin D metabolism in which the 1-
hydroxylase system or component thereof is virtually absent (Rosen et
al. 1980, Rosen and Chesney 1983, Chesney et al. 1983). These
comparisons are consistent with an effect of lead on the production of
1,25-dihydroxyvitamin D by renal l-hydroxylase.

The EPA (1986a) has concluded that lead’s interference with heme
synthesis may underlie the effects on vitamin D metabolism. Evidence
that lead affects heme synthesis in the kidney was presented in the
section on heme synthesis. In addition, apparent thresholds for the
effects of lead on renal vitamin D metabolism and for erythrocyts
protoporphyrin accumulation are similar.

Because the vitamin D-endocrine system is responsible in large part
for the maintenance of extra- and intracellular calcium homeostasis, it
is reasonable to conclude that the interference of lead with renal
1,25-dihydroxyvitamin D production will have an impact on fundamental
processes throughout the body (EPA 1986a). The potential impact is
presented in Fig. 4.5.

4.3.2.6 Rffects on growth

Inhalation. Pertinent data regarding the effects of inhaled lead
on postnatal growth in humans or animals were not located in the
available literature.

Oral, human. Since the report by Nye (1929) of runting in overtly
lead-poisoned children, a number of epidemiological studies have
reported an association between blood lead levels and growth in
children, who take in lead primarily through the oral route. While these
findings were suggestive of an effect, the studies (Mooty et al. 1975,
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Johnson and Tenuta 1979, Routh et al. 1979) failed to control for
possible confounding factors such as age, race, sex, or nutritional
status,.

In a study that considered, and ruled out, possible confounding
effects of socioeconomic status on lead absorption, Lauwers et al.
(1986) compared a set of biometric measurements, including stature and
weight, for children with blood lead levels <30 ug/dL and for children
with blood lead levels of 40 to 60 ug/dL. When only the children
<8 years old were considered, the results indicated that slight
decreases in biometric values occurred in the high-lead group as
compared with the lower-lead group.

Stronger evidence for an association between lead exposure and
growth retardation is available in the analyses by Schwartz et al.
(1986) of data for 2,695 children £7 years old from the NHANES II study.
Stepwise multiple regression analyses indicated that blood lead levels
(range: 4 to 35 ug/dL) were a gtatistically significant predictor of
childrens’ height, weight, and chest circumference, after controlling
for age, race, sex, and nutritional covariates. The strongest
relationship was observed between blood lead and height, with segmented
regression models indicating no evident threshold for the relationship
down to the lowest observed blood lead level of 4 ug/dL. Parental
stature was not considered as a variable, but analysis showed that age,
sex, nutrition, and blood lead level accounted for 91% of the variance
in height, and that the addition of blood lead to the most significant
model obtained without blood lead accounted for more of the variance and
was significant. Schwartz et al. (1986) stated that the mean blood lead
level of the children at the average age of 59 months appeared to be
associated with a reduction of ~1.5% in the height that would be
expected if the blood lead level had been zero. The impact on weight and
chest circumference was of the same magnitude.

Lyngbye et al. (1987), in a preliminary report of a cohort study of
Danish children of homogenous social/ethnic background joining the first
grade in 1982-3, noted that tooth lead was significantly associated with
height after controlling for other variables. The investigators
concluded that early lead absorption was a risk factor for impaired
growth in children. The report did not provide sufficient detail for
independent evaluation of the appropriateness of this conclusion.

Oral, animal. The EPA (1986a) concluded from a quick review of 65
relevant animal studies that low-level chronic lead exposure during
prenatal or early postnatal life results in retarded growth in the
absence of overt signs of lead poisoning.

Dermal. Pertinent data regarding the effects of dermal exposure to
lead on growth of humans or animals were not located in the available
literature. :

General discussion. The EPA (1986a) concluded that the findings of
Schwartz et al. (1986) are highly credible. These findings are supported
by the results of independent prospective studies of prenatal effects on
human development discussed in Sect. 4.3.3 on developmental toxicity and
by numerous animal studies. The mechanisa of the effect of low-level
lead exposure on growth i{s unknown, but the finding of a suppressed
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release of thyrotropin-stimulating hormone (TSH) in response to
thyrotropin-releasing hormone (TRH) in two young lead-intoxicated
children suggests pituitary involvement (Huseman et al. 1987). In vitro
studies with rat pituitary cells showed that lead inhibited the TRH-
stimulated release of TSH in a dose-related manner (Huseman et al.
1987), supporting the conclusions drawn from the human data.

4.3.2.7 Effects on the immune system

Inhalation, human. The data are limited to a few studies of immune
function in lead workers, whose major exposure is by inhalation, with
minor exposure by the oral route. Ewers et al. (1982) reported that lead
workers with blood lead levels of 22 to 89 ug/dL (median: 55 ug/dL) have
more colds and influenza infections per yesar and have a significant
suppression of secretory IgA levels. Secretory IgA is a major factor in
the defense against respiratory and gastrointestinal infections (Koller
1985). Serum immunoglobulin levels were not significantly altered.

Kimber et al. (1986) examined immune function in lead workers
exposed occupationally for 4 to 30 years, whose blood lead levels at the
time of testing ranged from 25 to 53 ug/dL (mean: 38.4 ug/dL) and
controls wvhose blood lead levels at the time of testing ranged from 8 to
17 pg/dL (mean: 11.8 ug/dL). There were no differences between the
workers and controls in serum concentrations of IgG, IgA, or IgM and no
correlation between blood lead levels and serum immunoglobulin levels.
In addition, response to the mitogen phytohaemagglutinin (an index of T
lymphocyte function) and natural killer cell activity were not altered
in workers compared with controls.

Inhalation, animal. Phagocytosis of test bacteria by alvnolnr
macrophages wvas unaffected in lungs of mice exposed to ~13 -;/n of lead
chloride by inhalation (Schlipkoter and Frieler 1979). Blood lead data
were not available.

Oral, human. The only pertinent data available are for children,
whose intake of lead is primarily though the oral route. In a comparison
of 12 preschool children having blood lead levels 240 ug/dL and slevated
free erythrocyte protoporphyrin with seven preschool children without
elevated blood lead levels, Reigart and Graber (1976) found no
differences between groups with respect to complement levels,
immunoglobulin levels, or anti-toxoid titers following booster
immunization with tetanus toxoid. Three children with persistently high
blood lead levels who were infected with Shigella enteritis, however,
had prolonged diarrhea (Sachs 1978), indicating the possibility of
impaired resistance to infection (EPA 1986a). The small number of
children and lack of controls limit the conclusions that can be drawn
from this report.

Oral, animal. The EPA (1986a) has reviewed a large number of
studies that report effects of orally administered inorganic lead on
components of the immune systeam in animals. Dose-effect data for immune
systea effects at low levels of external and internal exposure to lead
are available from the studies of Luster et al. (1978) and Faith et al.
(1979). Prenatal and postnatal exposure of rats to lead acetate at
25 ppm lead in the drinking water (indirectly through their dams and
then directly) until testing at 35 to 45 days of age resulted in mean
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blood lead levels of 29.3 ug/dL and marked depression of antibody
responses to sheep red blood cells, decreased serum IgG (but not IgA or
IgM) levels, decreased lymphocyte responsiveness to mitogen stimulation,
impaired delayed hypersensitivity reactions, and decreased thymus
weights as compared with controls. The 25-ppm exposure was the lowest
level tested.

The alkyl lead compound tetraethyl lead reduced antibody titers to
sheep red blood cells in mice exposed orally to 0.5 ppm of the compound
for 3 weeks (Blakley et al. 1980). Blood lead values were not available.

Dermal. Pertinent data regarding immune system effects of dermal
exposure of humans or animals to lead were not located in the available
literature.

General discussion. The effects on the immune system of young rats
at 29 pug/dL (Luster et al. 1978, Faith et al. 1979) raise the concern
that low-level exposure of humans to lead may have adverse effects on
the immune system. The best available human data, while not fully
adequate to address this issue, gave no indication of immune system
effects in children with blood lead levels of 240 ug/dL (Reigart and
Graber 1976) or in lead workers with blood lead levels of 25 to 53 ug/dL
(mean: 38.4 ug/dL) (Kimber et al. 1986).

4.3.2.8 Gastrointestinal toxicity

Inhalation, human. Colic is a consistent early symptom of lead
polsoning in occupationally exposed cases (EPA 1986a). Although
gastrointestinal symptoms typically occur at the very high blood lead
levels associated with encephalopathy, they have sometimes been noted in
workers whose blood lead levels were as low as 40 to 60 ug/dL (Haenninen
et al. 1979, Baker et al. 1979).

Inhalation, animal. Pertinent data were not located in the
available literature.

Oral, human. Colic is a symptom of lead poisoning in children. The
EPA (1986a) has identified a lowest-observed-effect level of -60 to
100 ug/dL for children. This valus apparently is based on the NAS (1972)
compilation of data from Chisolm (1962, 1965) and Chisolm and Harrison
(1956), described in Sect. 4.3.2.2 on neurotoxicity, in which other
signs of acute lead poisoning, such as severe constipation, anorexia,
and intermittent vomiting, occurred at 260 ug/dL.

Oral, animsl. Walsh and Ryden (1984) reported that ingestion of
lead at levels sufficient to cause renal and hematological toxicity did
not appreciably affect gastrointestinal transit time in rats.

Dermal. Pertinent data regarding the effects of dermal exposure to
lead on the gastrointestinal tract in humans or animals were not located
in the available 1literature.

General discussion. Although gastrointestinal symptoms have long
been considered characteristic of lead poisoning, little attention has
been paid to defining dose-effect relationships for this end point,
probably because of greater concern for neurotoxic effects.
Gastrointestinal symptoms occur in lead workers, whose primary exposure
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is by inhalation, and in children, whose primary exposure to lead is
oral.

4.3.3 Developmental Toxicity

4.3.3.1 Inhalation

Human. Nordstrom et al. (1979) reported suggestive evidence of a
correlation between occupational exposure to lead during pregnancy and
decreased birth weights, but did not control for possible confounding
variables, including exposure to other toxic substances. Khera et al.
(1980b) found positive associations between placental lead
concentrations, occupational exposure to lead during pregnancy, and
stillbirths; analytical methods in this study may not have been adequate
(EPA 1986a). More recent studies of nonoccupationally exposed pregnant
women (Sect. 4.3.3.2 on developmental toxicity after oral exposure)
provide better data on developmental effects of lead.

Animal. As reviewed by EPA (1986a), Prigge and Greve (1977)
exposed rats to a lead aerosol at 1, 3, or 10 ng/-3 Pb throughout
gestation (days 1 to 21). Maternal and fetal ALA-D were inhibited at all
exposure levels in a dose-related manner. Fetal, but not maternal, body
veight and hematocrit were decreased at 10 ng/nj, suggesting that the
fetuses were more sensitive to lead than were the dams.

4.3.3.2 Oral

HBuman. Studies by Fahim et al. (1976) and Nordstrom et al. (1978)
provided suggestive evidence of an association between nonoccupational
prenatal lead exposure and shortened gestation or decreased birth
weight, but according to the EPA (1986a), analytical aspects of the
Fahim et al. (1976) study were questionable and the study by Nordstrom
et al. (1978) failed to control for confounding factors such as
socioeconomic status and concurrent exposure to other toxic substances.
In addition, other studies of similar quality (Clark 1977, Alexander and
Delves 1981, Roels et al. 1978) have found no significant association
between prenatal lead exposure and such effects.

In a study of placental element levels in 100 obstetrically normal
births (defined as those in which birth weight was within the normal
rangs in regard to gestational age and there were no visible
malformations and no important maternal complications), Ward et al.
(1987) found statistically significant inverse correlations between
placental lead levels and birth weight, head circumference, and
placental weight. An inverse correlation with gestational age was not
quite significant.

The EPA (1986a) has reviewed in depth several recent human studies
that, because of improved analytical techniques for blood lead, large
numbers of subjects, and careful consideration of potential confounding
factors, provide the best data regarding developmental consequences of
low-level prenatal exposure to lead. These consequences include reduced
birth weight and gestational age and neurobehavioral deficits or delays.
No clear evidence of an association with congenital malformations was
found. Prenatal exposure was generally estimated through maternal or
cord blood lead concentrations. Exposure of the mothers can be assumed

"~
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to have been primarily through the oral route, but with contributions
from the inhalation route as well.

The only one of these recent studies to report an association
between lead exposure and congenital anomalies is that of Needleman et
al. (1984). Using logistic regression modeling techniques and
controlling for a number of possible confounders, Needleman et al.
(1984) found a statistically significant association between cord blood
lead levels and the collective occurrence of minor anomalies in 4,354
infants born in Boston. Data were obtained from hospital records. The
most common of these anomalies were hemangiomas and lymphangiomas, minor
skin anomalies (tags and papillas), and undescended testicles. No
individual anomaly was significantly associated with blood lead levels.
Major malformations, birth weight, and gestational age were not
agssociated with blood lead levels. Two other recent studies (McMichael
et al. 1986; Ernhart et al. 1985, 1986) reported no association between
maternal or cord blood lead levels and congenital malformations.

In a cross-sectional study of 236 mothers and their infants in
Glasgow, Scotland, Moore et al. (1982) found reductions in gestational
age with increasing cord or maternal blood lead levels. In the 1l cases
of premature birth (gestational age <38 weeks), maternal blood lead
levels averaged ~21 ug/dL and cord blood lead levels averaged ~17 ug/dL
at delivery. The overall geometric mean blood lead levels at delivery
were: maternal, 14 ug/dL; cord, 12 ug/dL. Stepwise forward multiple
regression analyses showed significant negative coefficients for length
of gestation against log-transformed maternal or cord blood levels.
Birth weight was not associated with blood lead levels. First-flush
household water lead concentrations were positively associated with
maternal and cord blood lead levels.

An ongoing prospective study of the effects on child development of
prenatal and postnatal lead exposure in the lead smelter town and
environs of Port Pirie, South Australia, provides information on
congenital anomalies, length of gestation, birth weight, and stillbirth
or miscarriage (McMichael et al, 1986) and on neurobehavioral
development (Vimpani et al. 1985, 1987; Baghurst et al. 1987). McMichael
et al. (1986) studied 831 pregnant women and followed 774 of the
pregnancies to completion. Blood lead levels during pregnancy and at
delivery were significantly higher in women who lived in Port Pirie than
in those who 1lived in adjacent towns and rural areas (e.g., at delivery:
11.2 ug/dL, Port Pirie vs 7.5 ug/dL, outside). No association between
lead exposure and the occurrence of congenital anomalies was found when
pertinent risk factors, such as smoking and alcohol consumption were
controlled for. Multivariate analysis revealed a significant association .
between preterm delivery (before the 37th week of pregnancy) and
maternal blood lead levels at delivery. The relative risk of preterm
delivery increased over fourfold at blood lead levels >14 ug/dL compared
with relative risk of 1 at blood lead levels of =<8 ug/L. The incidence
of low birth weight (<2,500 g at gestational age 237 weeks) was greater
in the Port Pirie group than in the outside group, but maternal and cord
blood lead levels at delivery were somevhat lower in the low-birth-
weight pregnancies. Similarly, 22 of the 23 miscarriages and 10 of the
11 stillbirths in this study occurred in the Port Pirie mothers, but the
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average maternal blood lead level at delivery was significantly lower
for stillbirths than for live births.

Preliminary results of blood lead and neurobehavioral testing of
592 children from the Port Pirie study were reported by Vimpani et al.
(1985, 1987) and Baghurst et al. (1987). In these children, geometric
mean blood lead levels increased from ~14 ug/dL at 6 months of age to
~21 ug/dL at 15 and 24 months. At 24 months, ~20% of the children had
blood lead levels >30 ug/dL. Neurobehavioral tests--the Bayley Mental
Development Index (MDI) and Bayley Psychomotor Development Index
(PDI)--were conducted at 24 months. Multiple regression analyses
indicated that reduced MDI scores were significantly associated with
higher integrated postnatal blood lead levels and with 6-month blood
lead levels, but not with prenatal delivery or cord blood lead levels.
Controlling for both maternal IQ and HOME scores, the association
between 6-month blood leads and 24-month MDI scores remained
significant, with a 2-point deficit in MDI for every 10 ug/dL increase
in blood lead. Follow-up of this cohort involved blood lead testing at 3
and 4 years of age and neurobehavioral assessment using the McCarthy
Scales of Children’s Abilities (McMichael et al. 1988). Multiple
regression analyses showed that childrens’ scores on the McCarthy
General Cognitive Index (GCI) were significantly and inversely
correlated with log blood lead levels at 6, 24, and 36 months and with
the integrated average for birth to 4 years. The estimated decrease in
GCI score was ~7.2 points for an increase in integrated average blood
lead from 10-30 ug/dL.

In another prospective study, Bellinger et al. (1984, 1985a,b,
1986a,b, 1987a,b) determined cord blood lsad levels at delivery, and
measured blood lead levels and MDI and PDI scores every 6 months
thereafter on 249 middle- to upper-middle-class Boston children. Infants
of <34 weeks gestational age were excluded from the study. Cord blood
lead values were <16 ug/dL for 908 of the subjects, with the highest
value being 25 ug/dL. On the basis of cord blood lead levels, the
children were divided into low (<3 ug/dL; mean: 1.8 ug/dL), medium (6 to
7 ug/dL; mean: 6.5 ug/dL) and high (210 ug/dL; mean: 14.6 ug/dL)
exposure groups. A slight but not significant direct correlation between
cord blood lead category and length of gestation was seen, but analysis
within gestational age categories indicated no interaction between cord
blood lead category and length of gestation (Bellinger et al. 1984,
1985a). The percentage of small-for-gestational age infants increased
with increasing cord blood lead, although the trend was not quite
statistically significant (Bellinger et al. 1984). Multivariate
regression analysis revealed an inverse correlation between cord blood
lead levels and MDI scores at 6, 12, 18, and 24 months of age (Bellinger
et al. 1985, 1986a,b, 1987a). The high lead group had an average deficit
of 4.8 points on the covariate-asdjusted MDI score as compared with the
low lead group. MDI did not correlate with postnatal blood lead levels.
No correlations between PDI and cord or postnatal blood lead levels were
seen., Additional follow-up showed deficits in MDI scores of these
children at ~5 years of age, which correlated significantly with earlier
blood lead levels (at 24 months of age) rather than with concurrent or
prenatal blood lead levels (Bellinger et al. 1987b).
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Dietrich et al. (1986, 1987b) reported interim results for 185
subjects and later results from the comp.-te follow-up sample of 305
subjects (Dietrich et al. 1987a) in a prospective study of inner-city
children born in Cincinnati, Ohio. Maternal blood lead levels were
measured at the first prenatal visit; cord blood was measured at
delivery; infant blood lead levels were measured at 10 days and 3 months
of age; and neurobehavioral tests were performed at 3 and 6 months of
age. Mean blood lead levels were as follows: prenatal (maternal)--

8.0 pug/dL (range: 1 to 27 ug/dL); umbilical cord--6.3 (range: 1 to 28);
10-day and 3-month infant--4.6 and 5.9 pg/dL (range: 1 to 22 ug/dL for
each). Multiple regression analyses, with perinatal health factors such
as birth weight and gestation treated as confounders, showed inverse
correlations between prenatal or cord blood lead levels and performance
on the MDI at 3 months and between prenatal or 10-day neonatal blood
lead levels and performance on the MDI at 6 months. No significant
correlation of blood lead level with PDI was seen. Male infants and low
SES infants appeared to be more sensitive to the effect on MDI. Multiple
regression analyses for male or low SES infants showed covariate-
adjusted decrements of 0.84 or 0.73 MDI points per ug/dL of prenatal or
10-day neonatal blood lead, respectively (i.e., ~8 points deficit for a
10-ug/dL increase in blood lead) (Dietrich et al. 1987a).

Further analyses by structural equation modeling showed that the
effect of prenatal lead exposure on MDI was in part mediated through its
effects on birth weight and gestational age. Higher prenatal blood lead
levels were associated with reduced birth weight and reduced gestational
age, vhich were each significantly associated with reduced MDI scores
(Dietrich et al. 1987a). Separate, preliminary analyses of the data from
the Cincinnati study by Bornschein et al. (1987) indicated that for each
natural log unit increase in blood lead, the decrease in birth weight
ranged from 58 to 601 g, depending on the age of the mother. The authors
reported that the threshold for this effect could be ~12 to 13 ug/dL. In
addition, a decrease in birth length of 2.5 cm per natural log unit of
maternal blood lead was seen, but only in white infants. '

Further follow-up of 260 infants from the Cincinnati cohort
revealed that postnatal growth rates, measured as covariate-adjusted
increases in stature from 3 to 15 months of age, were inversely
correlated with postnatal increases in blood lead levels from 3 to 15
months of age (Shukla et al. 1987). This relationship was significant
only for infants with relatively higher prenatal lead exposures (i.e.,
those vhose mothers had prenatal blood lead levels 27.7 ug/dL).

In a prospective study of mothers and infants in Cleveland, Ohio
(Ernhart et al. 1985, 1986, 1987; Wolf et al. 1985), mean blood lead
levels at the time of delivery were 6.5 ug/dL (range: 2.7 to 11.8 ug/dL)
for 185 maternal samples and 5.8 ug/dL (range: 2.6 to 14.7 wpg/dL) for
162 cord samples. There were 132 mother-infant pairs of data. The
infants were evaluated for anomalies using a systematic, detailed
protocol and for neurobshavioral effects using the Brazelton Neonatal
Behavioral Assessment Scale (NBAS) and part of the Graham-Rosenblith
Behavioral Examination for Newborns (G-R), including a Neurological Soft
Signs scale. Hierarchical regression analysis was performed. No evidence
of an association between blood lead levels and morphological anomalies
was found. Using the complete set of data, abnormal reflexes and
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neurological soft signs were significantly related to cord blood lead
levels and muscle tonus was significantly related to maternal blood lead
level. Using data from the mother-infant pairs, the only significant
association found was between the Neurological Soft Signs score and cord
blood lead levels; no association with maternal blood lead levels was
seen (Ernhart et al. 1985, 1986). A brief, preliminary report on later
outcomes from this study mentioned a significant association between the
Neurological Soft Signs measure and the MDI scores at 12 months (Wolf et
al. 1985).

A later analysis (Ernhart et al. 1987) related blood lead levels
obtained at delivery (maternal and cord blood) and at 6 months, 2 years,
and 3 years of age to developmental measures [MDI, PDI, KID (Kent Infant
Development Scale), and Stanford-Binet IQ] administered at 6 months, 1
year, 2 years, and 3 years of age as appropriate. After controlling for
covariates and confounding risk factors, the only significant
associations of blood lead with concurrent or later development were an
inverse association between maternal (but not cord) blood lead and MDI,
PDI, and KID at 6 months, and a positive association between 6-month
blood lead and 6-month KID., The investigators concluded that, taken as a
whole, the results of the 21 analyses of correlation between blood lead
and developmental measures were "reasonably consistent with what might
be expected on the basis of sampling variability," that any association
of blood lead level with measures of development was likely to be due to
the dependence of both blood lead and development on the caretaking
environment, and that if low-level lead exposure has an effect on
development, the effect is quite small. Ernhart et al. (1987) also
analyzed for reverse causality: i.e., that developmental deficit or
psychomotor superiority in infants at 6 months of age contributed to
increases in subsequent blood lead levels. No significant correlations
were observed when covariates were controlled.

Winneke et al. (1985a,b) investigated the predictive value of
different markers of lead exposure for neurobehavioral performance [WISC
Verbal, Performance and Full-scale IQs; Wiener (Vienna) reaction
performance tests; Cued Reaction Time]. This investigation involved the
follow-up, at 6 to 7 years of age, of 114 children out of an original
study population of 383 children born in Nordenham, Federal Republic of
Germany. At delivery, the mean maternal blood lead level was 9.3 ug/dL
(range: 4 to 31 ug/dL) and the mean cord blood lead level wvas 8.2 ug/dL
(range: 4 to 30 ug/dL). Cord and maternal blood lead levels were highly
correlated. Stepwise multiple regression analyses indicated that
maternal blood lead levels accounted for nearly as much of the variance
in neurobehavioral test scores at 6 to 7 years as did contemporary blood
lead levels; with either exposure marker, significance was seen only in
increased errors on the Wiener Reaction Performance tests.

Bonithon-Kopp et al. (1986) reported that maternal and infant hair
lead levels, determined from hair samples taken at birth, correlated
inversely with results on neurobehavioral tests (McCarthy Scales of
Children’s Abilities) when the children were tested at 6 years of age.
Other studies have also reported associations between hair lead levels
and behavioral or cognitive test scores, but measures of hair lead are
questionable in terms of accurately reflecting internal body burdens,

—
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and such data cannot be used to evaluate internal dose-response
relationships (EPA 1986a).

A few studies have reported associations between prenatal lead
exposure and changes in heme metabolism. In a study of 294 mother-infant
pairs, Haas et al. (1972) reported mean blood lead levels of 16.98 ug/dL
for mothers and 14.98 ug/dL for newborns. Infant blood lead levels and
urinary ALA were positively correlated. Kuhnert et al. (1977), in a
study of pregnant urban women, found that cord erythrocyte lead levels
ranged from 16 to 67 ug/dL of cells (mean: 32.9 ug/dL) and were
inversely correlated with ALA-D activity, as were maternal erythrocyte
lead levels. In a study of 500 mothers at delivery, Lauwerys et al.
(1978) reported negative correlations between blood lead levels and
AIA-D activity in both mothers and their infants (cord blood). No
correlation between blood lead level and erythrocyte protoporphyrin was
seen. Blood lead levels averaged 10.2 ug/dL with a range of 3.1 to
31 ug/dL in the mothers and 8.4 ug/dL with a range of 2.7 to 27.3 ug/dL
in the infants. Taken together, the results of these studies indicate
that ALA-D activity may be a more sensitive indicator of lead effects on
fetal heme synthesis than are erythrocyte protoporphyrin or urinary AlA
levels (EPA 1986a).

Animal. Twenty-three teratogenicity studies in which lead
compounds (acetate or nitrate) were administered in the drinking water
or feed or by gavage to rats and mice have shown no evidence that lead
causes malformations, but some evidence that lead causes fetotoxic
effects. These studies are summarized by the EPA (1986a).

The teratogenicity studies most relevant to current concerns for
human prenatal exposure will be reviewed below, along with studies that
were concerned primarily or exclusively with neurobehavioral effects of
prenatal exposure to lead. In rodents, a greater proportion of the
development of the nervous system takes place postnatally than is the
case in humans. Accordingly, studies of developmental neurobehavioral
toxicity in rodents that extend exposure into the early postnatal period
are probably more analogous to human prenatal exposure than are rodent
studies that use only prenatal exposure.

Miller et al. (1982) administered doses of up to 100 mg lead
acetate/kg/day (63.7 mg/kg/day Pb) to rats before breeding and
throughout pregnancy. The only effect seen was fetal stunting at the
high dose. Maternal blood lead values ranged from 80 to 92 ug/dL prior
to mating and from 53 to 92 ug/dL during pregnancy. Pretreatment and
control blood lead levels averaged 6 to 10 ug/dL.

Rabe et al. (1985) exposed female rats to 5,000 ppm lead acetate in
the drinking water prior to mating and throughout gestation. The pups
were transferred to unexposed foster dams on the second day after birth.
Mean blood lead levels were 98 ug/dL at day 1 and 20 ug/dL at day 16 of
age in pups from treated dams and ~10 ug/dL at both ages in pups from
control dams. Body weights were reduced in treated pups relative to
controls at birth but not at 30 days of age. Neurobehavioral function
(surface righting and negative geotaxis reflexes, spatial
discrimination, and reversal in T-maze), tested in the pups at 17 days
of age, was not affected by prenatal lead treatment.
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Kimmel et al. (1980) and Grant et al. (1980) reported different
aspects of a study of prenatal, postnatal, and long-term exposure of
rats to lead. This well-conducted study provided a variety of relevant
dose-effect information. In this study, female rats were exposed to lead
acetate in the drinking water at 0.5, 5, 25, 50, or 250 ppm lead from
wveaning through mating, gestation, and lactation. The pups were weaned
onto the same drinking water solutions as their dams received. In
addition, some of the dams were killed at day 21 to 22 of gestation for
evaluation of the fetuses and uteri. Toxicity to the dams (dose-related
slight depression of body weight and delay in time of vaginal opening)
was seen at 225 ppm; the effects at 25 ppm were of marginal
significance. No significant differences in indices of embryo- or
fetotoxicity or teratogenicity were seen in treated groups relative to
controls. Length of gestation and birth weights were unaffected, but
mean crown-rump length of 1-day-old female pups in the 250-ppm group was
significantly shorter than in controls. Median blood lead levels just
prior to mating and at day 21 of gestation were 1 and 4 ug/dL for
controls, 9 and 12 ug/dL for the 5-ppm group, 20 and 23 ug/dL for the
25-ppm group, 24 and 35 ug/dL for the 50-ppm group, and not reported for
the 250-ppm group (Kimmel et al. 1980).

Grant et al. (1980) reported significant delays in vaginal opening
in female pups of groups receiving 225 ppm lead and significant delays
in the development of surface and air righting reflexes in pups of the
50- and 250-ppm lead groups. Blood lead levels of the pups at 1 and 11
days were 4 and 3 ug/dL, controls; 37 and 22 ug/dL, 25-ppm pups; 57 and
35 pg/dL, 50-ppm pups; and not reported, 250-ppm pups. In comparing the
results of this study with results of the study by Rabe et al. (1985),
in which no effects on the development of reflexes were seen at a much
higher level of lead in the drinking water, it should be noted that
exposure to lead in the Rsbe et al. (1985) study ceased shortly after
birth, but in the Grant et al. (1980) study exposure to lead continued
through the time of testing.

Reiter et al. (1975) observed delays in development of the righting
reflex in rat pups whose dams were exposed to lead acetate at a
concentration of 5 or 50 ppm lead in their drinking water throughout
gestation and lactation. Eye opening was delayed at the higher exposure
levol Blood lead levels were not determined.

Taylor et al. (1982) found that exposure of folalc rats from before
mating though gestation and lactation to 200 or 400 ppm of lead acetate
in the drinking water did not result in significant differences in the
pups’ acquisition of a behavioral response when tested at 11 days of
age, but did result in significantly slower extinguishing of the
response when the reward was no longer provided. Blood lead levels at 21
days of age were 3.7 ug/dL in controls, 38.2 ug/dL in the low exposure
group, and 49.9 ug/dL in the high exposure group.

Bushnell and Bowman (1979¢) and Levin and Bowman (1983) reported
different aspects of a study in which adult female monkeys were treated
orally with 3 or 6 mg/kg/day of lead acetate prior to mating and
throughout gestation. Treatment of the mothers produced no changes in
early social behavior of their infants and no differences in learning
ability, relative to controls, when the offspring were tested on a
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search task at 4 to 5 years of age. Blooc lead levels at birth were 5,
30, and 55 ug/dL in control (N = 5), low lead (N = 3), and high lead
(N = 4) groups, respectively.

Histological changes have been reported in the brains of rat pups
at much higher blood lead levels than those reported above.
Administration of 2,000 ppm of lead chloride in the drinking water to
pregnant rats during gestation and lactation was reported to produce a
less mature synaptic profile in the cerebral cortex of the pups at
postnatal day 15 (McCauley and Bull 1978, McCauley et al. 1979) and a
30% reduction in synaptic density in the cerebral cortex at postnatal
day 15 but not day 21 (McCauley et al. 1982). Blood lead levels were
80 ug/dL at birth.

Murray et al. (1978) observed decreased numbers of dendritic spines
and malformed spines in brain parietal cortex at postnatal day 30 in
pups whose mothers were administered 255 to 478 mg/kg/day Pb from lead
acetate in drinking water during gestation and lactation. Blood lead
levels were not reported.

Some studies have investigated the effects of prenatal exposure to
lead on heme metabolism. Hubermont et al. (1976) administered lead _
nitrate at a concentration of 1 or 10 ppm of lead in drinking water to
female rats before mating, throughout gestation, and during lactation.
Blood lead levels in the dams and pups of the 10-ppm group were 68 and
42 ug/dL, respectively. An increase in free tissue porphyrins and a
decrease in ALA-D activity was seen in the pups of the 10 ppm group, as
compared with controls.

Hayashi (1983) reported effects at even lower external and internal
exposure levels. Lead acetate at 5 ppm lead in the drinking water of
rats for the first 18 or 21 days of pregnancy resulted in decreased
ALA-D activity in the fetal and maternal erythrocytes and increased
AlA-D activity in fetal but not maternal liver. Fetal, but not maternal,
hematocrits and hemoglobin levels were decreased in the 21-day treated
group. Fetal blood lead levels were 27 ug/dL in the 18-day and 19 ug/dL
in the 21-day treated groups. Maternal blood lead levels were ~4 ug/dL
in treated and control groups.

Organolead compounds have undergone limited testing for
developmental toxicity. McClain and Becker (1972) treated pregnant rats
orally with total doses of 7.5 to 30 mg/kg tetraethyl lead, 40 to
160 mg/kg tetramethyl lead, or 15 to 38 mg/kg trimethyl lead chloride,
given in three divided doses on gestation days 9 to 11 or 12 to 14.
These doses correspond to 1.6 to 3.2 mg/kg/day Pb for tetraethyl lead,
10 to 28.7 mg/kg/day Pb for tetramethyl lead, and 3.7 to 7.2 mg/kg/day
Pb for trimethyl lead chloride (EPA 1986a). All three compounds resulted
in maternal death at the highest doses and maternal toxicity at the
lower doses. Fetal body weights were decreased, relative to controls, at
all dose levels. No teratogenic effects were observed. Kennedy et al.
(1975) administered tetraethyl lead by gavage to mice and rats on days 6
to 16 of gestation at 0.1, 1.0, or 10 mg/kg/day (0.064, 0.64, or 6.4
mg/kg/day Pb). Maternal toxicity, prenatal mortality, and developmental
retardation wvere observed in both species at the highest dose, which was
discontinued after 3 days because of excessive toxicity. Maternal and
fetal toxicity also occurred in both species at the middle dose and
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results were negative in both species at the lowest dose. Blood lead
levels were not reported.

4.3.3.3 Dermal

Pertinent data regarding the developmental toxicity of dermal
exposure to lead in humans or animals were not located in the available
literature.

4.3.3.4 Genersl discussion

According to the EPA (1986a), evidence from the three recent human
studies that included malformations as an end point (Needleman et al.
1984; McMichael et al. 1986; Ermhart et al. 1985, 1986) allows no
definitive conclusion regarding the existence of an association between
prenatal lead exposure in humans and the occurrence of congenital
anomalies. The use of hospital records as the source of data on
anomalies in the studies by Needleman et al. (1984) and McMichael et al.
(1986) could result in a lack of precision and uniformity. The
investigation by Ernhart et al. (1985, 1986), on the other hand, used a
detailed protocol for the detection of anomalies, but the restricted
range of maternal and cord blood lead levels (2.7 to 11.8 ug/dL and 2.6
to 14.7 ug/dL, respectively) would mean that any effect would be likely
to be subtle and the relatively small number of subjects in the study
would not be sufficient for the detection of differences in low
frequencies of anomalies. Similarly, the number of subjects in the study
by McMichael et al. (1986) may not have been adequate to detect
infrequent birth defects.

Teratogenicity studies in rats and mice (one inhalation study and
23 oral studies) provide no evidence that lead compounds (acetate or
nitrate) are teratogenic when exposure is by natural routes. Intravenous
or intraperitoneal injection of lead compounds (acetate, chloride, or
nitrate) into pregnant rats, mice, or hamsters has produced
malformations in several studies reviewed by EPA (1986a).

The evidence for an adverse effect of prenatal lead exposurse on
birth weight is limited. Dietrich et al. (1986, 1987a) and Bornschein et
al. (1987) reported a significant inverse association between prenatal
maternal blood lead levels and birth weight in the Cincinnati study. The
reduction in birthweight was apparent at blood lead levels as low as 12
to 13 ug/dL. Bellinger et al. (1984) found that the percentage of
small-for-gestational age infants increased with increasing cord blood
lead, although the trend was not quite statistically significant.
Needleman et al. (1984), Moore et al. (1982), and Ernhart et al. (1985,
1986), observed no association between maternal or cord blood levels and
birth weight. McMichael et al. (1986), however, reported significant
direct associations between maternal and cord blood lead levels and
birth weight.

The results of McMichael et al. (1986) are puzzling because. the
proportion of Port Pirie pregnancies (dslivery maternal blood lead =
10.4 ug/dL) resulting in low-birthweight infants was more than twice
that for outside pregnancies (delivery maternal blood lead = 5.5 ug/dL).
Yet the maternal and cord blood lead levels were somevhat lower in low-
birth-weight pregnancies than in pregnancies with birth weights >2500 g.
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A similar phenomena was seen with regard to stillbirths, which occurred
primarily in the Port Pirie pregnancies, but which were associated with
lower maternal blood lead levels than were live births. Davis and
Svendsgaard (1987) suggested that the anomalous findings for blood lead
vs birth weight or stillbirth in the Port Pirie study suggest an
increased transfer of lead from mother to fetus, which is toxic to the
fetus. This suggestion is supported by the inverse corrslation between
placental lead levels and birth weight, head circumference, and
placental weight reported by Ward et al. (1987) and the increased levels
of lead in the placenta reported by Wibberly et al. (1977) in cases of
stillbirth and neonatal death. Alternatively, Wibberly et al. (1977)
has suggested that such findings may indicate that lead accumulates in
the placenta in times of fetal stress.

The evidence from the above studies indicates that gestational age
may be reduced as prenatal lead exposure increases, even at blood lead
levels below 15 ug/dL (EPA 1986a). Moore et al. (1982), McMichael et al.
(1986), and Dietrich et al. (1986, 1987a) reported significant negative
correlations between maternal or cord blood lead levels and gestational
age. Based on parameter estimates of Dietrich et al. (1986), the
reduction in gestational age was 0.6 week per natural log unit of blood
lead increase (EPA 1986a). Based on risk estimates of McMichael et al.
(1986), the risk of preterm delivery increases by at least fourfold as
either cord blood or maternal blood lead level at delivery increases
from s8 to >14 ug/dL. Needleman et al. (1984) and Bellinger et al.
(1984), however, did not find a significant relationship between
maternal or cord blood lead level and gestational age.

The above human studies, considered together, provide clear
evidence of a deleterious effect of prenatal lead exposure on
neurobehavioral development. Bellinger et al. (1984, 1985a,b, 1986a,b,
1987a) reported significant deficits of 4.8 points in MDI scores at ages
6 to 24 months in children whose blood lead level at birth was 10 to
25 ug/dL, in comparison with children whose blood lead level at birth
was <3 ug/dL. Dietrich et al. (1987a) reported dose-related deficits in
MDI scores at 6 months for male infants of 0.84 MDI points for each
ug/dL increase in prenatal blood lead and for low SES infants of 0.73
MDI points for each ug/dL increase in 10-day neonatal blood lead (EPA
1986a). Male and low SES infants were more sensitive to prenatal
exposure to lead, as indexed by prenatal and neonatal blood lead levels
(Dietrich ot al. 1986, 1987a).

Vimpani et al. (1985, 1987) and Baghurst et al. (1987), on the
other hand, found that deficits in MDI scores were more closely related
to postnatal lead exposure than to prenatal exposure. They ascribed an
average 2-point drop in MDI scores at 24 months of age to a mean
increase of 10 ug/dL in blood lead levels at 6 months of age. According
to the EPA (1986a) and Davis and Svendgaard (1987), later increases in
exposure, by ~508 from 6 to 15 months of age, may have overwhelmed the
more subtle effects of lower prenatal exposure levels. Follow-up of this
cohort through 4 years of age indicated that integrated postnatal blood
lead levels were inversely correlated with McCarthy GCI scores such that
a blood lead level of 30 ug/dL corresponded to a GCI scors 7.2 points
lower than at a blood lead level of 10 ug/dL (McMichael et al. 1988).
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Ernhart et al. (1985, 1986) provided evidence relating neonatal
performance on a Neurological Soft Signs scale to cord blood lead
levels. A preliminary report of follow-up studies indicated that lowered
MDI scores at 1 year of age were associated with the Neurological Soft
Signs measure (Wolf et al. 1985). Hence, it is possible to infer an
indirect effect of cord blood lead on MDI (EPA 1986a, Davis and
Svendsgaard 1987), although Ernhart et al. (1985, 1986) did not reach
such a conclusion. The effects noted by these investigators were
significantly related to cord blood lead levels that averaged 5.8 ug/dL
and ranged upward to only 14.7 ug/dL. Later analysis and follow-up of
the children for blood lead and developmental measures through 3 years
of age revealed significant inverse associations between maternal (but
not cord) blood lead and MDI, PDI, and KID at 6 months (Ernhart et al.
1987).

Winneke et al. (1985a,b) found that errors in the Wiener Reaction
Performance test were assoclated with maternal blood lead levels
averaging 9.3 ug/dL and cord blood lead levels averaging 8.2 ug/dL. The
EPA (1986a) concluded from a scatter plot of mother-cord blood lead
levels that, except for a couple of outliers, nearly all of the values
wvere <20 ug/dL and generally did not seem to exceed ~15 ug/dL.

The EPA (1986a), Davis and Svendsgaard (1987), Grant and Davis
(1987), and ATSDR (1988) concluded that the evidence from these studies
of neurobehavioral effects of prenatal lead exposure suggests that
neurobehavioral deficits are associated with prenatal internal exposure
levels, as indicated by maternal or cord blood lead concentrations, of
~10 to 15 ug/dL, and possibly even lower. Although a 2- to 8-point
decline in MDI score for an individual child may not be clinically
significant, a 4-point downward shift in a normal distribution of MDI
scores of a population of children would result in 50% more children
scoring below 80, a consequence of great concern to public health (Davis
and Svendsgaard 1987, Grant and Davis 1987). Additional evidence of an
association between relatively low blood lead levels and neurobehavioral
effects in children is reported in Sect. 4.3.2.2 on neurobehavioral
toxicity, in which postnatal exposure is discussed.

Some of the studies of neurobehavioral and development effects
discussed in this section on developmental toxicity and in the previous
section on neurobehavioral toxicity have been criticized for
methodological flaws, including handling of cofactors (EPA 1986a,
Ernhart 1988). ATSDR (1988) and EPA (1986a) have taken such criticisms
into account and have concluded that the findings associating relatively
low blood lead levels with neurobehavioral and developmental effects in
children are nonsetheless cause for concern. In addition, it should be
noted that some of the negative studies have also been criticized for
methodological. flaws that bias towards Type II (false negative) errors
(Needleman 1987, Needleman and Bellinger 1987). Although no single study
associating low blood lead levels with reduced cognitive performance in
children is definitive, a metaanalysis of 13 studies providing data on
an inverse relationship between blood lead and children’s IQs concluded
that the joint probability of obtaining the reported results was less
than 3 in a billion (Needleman 1987, Needleman and Bellinger 1987).



Toxicological Data 107

Animal studies also provide evidence of neurobehavioral toxicity of
prenatal exposure to lead. Blood lead levels associated with
neurobehavioral effects in rats were 235 ug/dL, somewhat higher than
those in the human studies (Grant et al. 1980, Taylor et al. 1982).
Monkeys, however, did not show effects from prenatal exposure to lead at
blood lead levels of 30 to 55 ug/dL on sarly social behavior or on
learning ability at 4 to 5 years of age (Bushnell and Bowman 1979c¢,
Levin and Bowman 1983).

In contrast to animal studies of prenatal exposure, animal studies
of postnatal exposure, presented in Sect. 4.3.2.2 on neurobehavioral
toxicity, show effects at blood lead levels similar to those associated
with effects in humans.

4.3.4 BReproductive Toxicity

4.3.4.1 Inhalation

Human. Ac 3viewed by the EPA (1986a), severe occupational
exposure to lea_ has long been known to be associated with a high
likelihood of spontaneous abortion in pregnant women, and this
observation led to the exclusion of women from high-exposure
occupations. Early studies of this phenomencn, however, suffer froa
methodological inadequacies and the lack of dose-effect information.
Occupationally exposed populations receive the bulk of their exposure
through inhalation, with some exposure through the oral route as well.

Nordstrom et al. (1978) found an increased frequency of spontaneous
abortion in women living closest to a lead smelter. In addition,
Nordstrom et al. (1979) reported that female workers at the smelter had
an increased frequency of spontansous miscarriage vhen employed at the
smelter during pregnancy or when employed at the smelter prior to
pregnancy and still living near the smelter. Women who worked in more
highly contaminated areas of the smelter were more likely to have
aborted than were other women. These studies were confounded by the
presence of other toxic agents and by the lack of matching for
socioeconomic status, which could also bear on the women’s health (EPA
1986a).

Based on data of Lancranjan et al. (1975) and Wildt et al. (1983),
the EPA (1986a) concluded that reproductive effects (on sperm or testes)
may occur in men as a result of chronic exposure at blood lead levels of
40 to 50 ug/dL. Lancranjan et al. (1975) studied a group of 150 workmen
with long-term lead exposure, categorized by clinical and toxicological
data into four groups: lead-poisoned (mean blood lead level: 74.5
pg/dL), and moderately (mean: 52.8), slightly (mean: 41 ug/dL), or
physiologically (mean: 23 ug/dL) exposed to lead. The lead-poisoned
group and moderately exposed groups had decreases in fertility, as
measured by asthenospermia, hypospermia, and teratospermia. The effect
of lead was thought to be directly on the testes, because tests for
changes in gonadotropin secretion were negative. Secretion of androgens
by the testes was not affected.

Wildt et al. (1983) compared two groups of men in a Swedish battery
factory. The high-lead men had blood lead levels 250 ug/dL at least once
prior to the study, and had mean blood lead levels of 46.1 and



108 Section 4

44.6 pg/dL (range: 25 to 75 ug/dL) Jduring fall and spring test periods.

The controls (low-lead men) had blood lead levels that seldom exceeded :
30 ug/dL and had mean blood lead levels of 31.1 and 21.5 ug/dL (range: —
8 to 39 ug/dL) during fall and spring test periods. The high-lead group
tended to exhibit decreased prostate/seminal vesicle function (as

measured by seminal plasma constituents), low semen volumes, and lower
functional maturity of sperm [as measured by swelling of the sperm heads

in detergent (sodium dodectyl sulfate) solution]. Weaknesses of the

study include the relatively high blood lead levels of the controls and
current or past urogenital tract infections in some of the controls and

in none of the high-lead men.

Studies of lead workers with higher blood lead levels (266 ug/dL)
indicate that lead acts directly on the testes to produce severe
depression of sperm count and peritubular testicular fibrosis, and also
produces defects in regulation of LH secretion at the hypothalamic-
pituitary level (Braumstein et al. 1978, Cullen et al. 1984)

Animal. Pertinent data regarding the reproductive toxicity of ‘
inhaled lead on animals were not located in the available literature.

4.3.4.2 Oral

Buman. According to the EPA (1986a), lead was used in nostroms
sold as abortifacients in Britain around the turn of the century. These
preparations apparently were effective at levels which produced marked
signs of lead poisoning in the women. The available studies were
methodologically inadequate and did not provide dose-effect information.

A study of pregnancies in the lead smelter town (higher lead —
exposure) and environs (low lead exposure) of Port Pirie, South
Australia, found that 22/23 miscarriages and 10/11 stillbirths in the
study occurred in the Port Pirie residents, with only 1 miscarriage and
1 stillbirth occurring in residents outside Port Pirie (McMichael et al.
1986). This study is discussed more fully in the section on
developmental toxicity (4.3.3.2) because the primary focus of the study
is the effects of prenatal lead exposure on fetal and early childhood
development.

Animal. Hilderbrand et al. (1973) reported that oral dosing of
female rats for 30 days with lead acetate at 5 and 100 ug/day Pb
produced blood lead levels of 30 and 53 ug/dL, respectively. Irregular
estrous cycles occurred at both treatment levels and ovarian follicular
cysts with reductions in numbers of corpora lutea occurred at the higher
level. Male rats treated orally with lead acetate in the same manner had
blood lead levels of 19 and 30 ug/dL, respectively, and had testicular
damage at the higher exposure level.

Chowdhury et al. (1984) found testicular atrophy and cellular
degeneration in male rats given lead acetate in the drinking water at
1 g/L (1,000 ppm) for 60 days. Blood lead levels averaged 142.6 ug/dL.
At a lower exposure level and mean blood lead level of 71.7 ug/dL, the
seminiferous tubular diameter and spermatic count vwere reduced. No
significant changes were seen at a blood lead level of 54.0 ug/dL.
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Decreases in sperm motility and osmotic stability were reported to
result from oral administration of 0.05 mg/kg of lead to male rats for
20 to 30 days in a study from the U.S.S.R. (Krasovskil et al. 1979).
Blood lead data were not available.

Grant et al. (1980) reported delayed vaginal opening in rats that
were exposed to 25, 50, or 250 ppm lead (as lead acetate) in the
drinking water indirectly through their dams during gestation and
lactation and then directly. Delayed vaginal opening occurred in the
25-ppm group in the absence of any growth retardation or other
developmental delay; median blood lead levels were 18 to 29 ug/dL (at
1 to 2 months of age). This effect was not seen at 5 ppm (median blood
lead levels: 9-16 ug/dL).

4.3.6.3 Dermal

Pertinent data regarding the reproductive toxicity of dermal
exposure to lead in humans or animals were not located in the available
literature.

4.3.4.4 General discussion

There is sufficient qualitative evidence to support the conclusion
that at high exposure levels lead has significant adverse effects on
human reproduction; however, the data do not permit any estimate of
effect levels in women, and only a tentative conclusion that effects on
sperm or the testes may result from chronic exposure at blood lead
levels of 40 to 50 ug/dL in men. Nevertheless, EPA (1986a) does list a
LOEL of 60 ug/dL for female reproductive effects even though they state
that the data do not permit such an estimate. The basis for this LOEL is
not apparent.

4.3.5 Genotoxicity

4.3.5.1 HBuman

Evaluation of the genotoxicity of lead in humans has focused on in
vitro studies of structural chromosomal aberrations and sister chromatid
exchange in cultures of lymphocytes taken from healthy individuals
(Table 4.2), and evaluations of lymphocytes from occupationally or
environmentally exposed persons (Table 4.3). Results of in vitro studies
with human lymphocyte cultures, performed with lead acetate, were nearly
equally divided between positive (Beek and Obe 1974, Stella et al. 1978,
Niebuhr and Wulf 1984) and negative (Schmid et al. 1972, Beek and Obe
1975, Gasiorek and Bauchinger 1981, Deknudt and Deminatti 1978).

Results of in vivo tests are also contradictory, but do suggest
that lead has an effect on chromosomes. Increased frequency of sister
chromatid exchange ‘was not observed in one study of occupationally
exposed adults with blood lead levels of 48.7 ug/dL (Maki-Paakkanen et
al. 1981) or in environmentally exposed children with blood lead levels
of 30 to 63 ug/dL (Dalpra et al. 1983). Grandjean et al. (1983),
however, reported increased frequency of sister chromatid exchange in
lead-exposed workers and noted a tendency for increased frequency of
sister chromatid exchange with increased duration of occupational
exposure independent of blood lead level.



Table 4.2. Genstexicity of lond In vitre

g Rosults”
End poiat Species (test system) With activation  Without activation Refereaces
Gese mutation or Salmonella typhimurium - - Bruce and Heddle 1979, Dunkel
DNA modification (reverse mutation); et al. 1984, Nestmann ¢t al.
Escherichia coll (forward 1979, Simmon 1979a, Rosenkranz
mutation, DNA modification); and Poirer 1979, Kharab and
Saccharomyces cerevisioe Singh 1985, Fukunaga et al.
(reverss mutation); 8. subsilis 1982, Nishioks 1975
(rec assay)
Gene coaversion or S. cerevisiae - - Kharab and Singh 1985, Fukunaga
mitotic recombination ot al. 1982, Nestmann et al.
1979, Simmoa 1979
RNA or DNA synthesis E. coli RNA polymersse or Avias NA + Hoffman aad Niyogi 1977,
mystoblestosis DNA polymerase Sirover and Looch 1976
Chromosomal sberratios,  Chiness hamster ovary cells; NA + Bauchinger and Schmid 1972,
DNA ropair, mitotic Syriaa hamster embryo cells Costa ct al. 1982, Robison
disturbance et al 1984
Strectural chromosomal Human lymphacyte cultures NA Mixed Bock and Obe 1974, Siclls et al.
aberration 1978, Schmid ct al. 1972,
i Gasiorek and Bauchinger 1981,
Dekaudt and Deminatti 1978
Sister chromatid exchange Human lymphocyte cultures NA Mixed Boek and Obe 1975, Niebubr and

Walf 1984

44+ = largely positive; - = nogative; mixed = approximately oquivaleat sumbers of positive and scgative results; NA = not applicable.
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Table 4.3. Geastexicity of lead In vive

Bilood lead levels”

Ead poiat Spocics (test system) (ug/dL) Results® Refercaces
Chromosome loss o - Drosophila melanogaster NA - Ramel and Magnusson 1979
soadisjunction
Structural chromosomal Mouse boae marrow, rat NR Mixed  Jacquet ct al. 1977, Jacquet and
aberrations or gaps, bose marrow, mouse leukocyte, Tachon 1981, Tachi et al. 1985,
microaucieus formation, moakey lymphocyte, rabbit Muro and Goyer 1969, Choic and
unscheduled DNA systhesis, Richter 1978, Willems et al. 1982,
sister chromatid exchange Bruce and Heddle 1979, Deknudt et al.

1977, Deknudt and Gerber 1979
Chromosomal aberration Humaa, occupational 22-120 Mized  O'Riordan and Evans 1974, Bulsma
and DeFrasce 1976, Bauchinger
et al. 1977, Schmid et al. 1972,
Miki-Paakkanen et al. 1981,
Schwanitz ¢t al. 1970-1975, Al-Hakkak
et al. 1986, Forni et al. 1976,
Nordeason ct al. 1978
Sister chromatid exchange Human, occupational exposure 29-75 - Grandjean et al. 1983, Miki-Paakkanen
ct al. 1981
Human, environmentally 30-63 - Dalpra ct al. 1983
exposed children
Effects on cell division Human 40-100 + Forni ct al. 1976, Bulsma and

DeFrance 1976, Sarto et al. 1978,
Schwanitz ct al. 1970

“NA = not applicable; NR = not reported.

by - largely positive; - = negative; mixed = approximately equivaleat numbers of positive and negative results.
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Occupational exposure or voluntary ingestion of lead is associated
with increased mitotic activity in peripheral lymphocytes (Bulsma and
DeFrance 1976), increased rate of abnormal mitosis (Schwanitz et al.
1970; Formi et al. 1976, 1980; Sarto et al. 1978), and increased
incidence of chromosomal aberrations (Al-Hakkak et al. 1986: Forni et
al. 1976, 1980; Schwanitz et al. 1970; Nordenson et al. 1978) at blood
lead levels ranging from 22 to 89 ug/dL. Nordenson et al. (1978)
reported a correlation between blood lead levels and the frequency of
chromosomal aberrations. Other investigators, however, reported no
increase in the frequency of chromosomal aberrations in occupationally
exposed workers with blood lead levels ranging from 38 to 120 ug/dL
(O'Riordan and Evans 1974, Bulsma and DeFrance 1976, Bauchinger et al.
1977, Schmid et al. 1972, Maki-Paakkanen et al. 1981, Schwanitz et al.
1975) or in environmentally exposed children with blood lead levels of
12 to 33 ug/dL (Bauchinger et al. 1977).

In studies with organolead compounds, trimethyl and triethyl lead
were associated with increased frequency of induced sister chromatid
exchanges (Grandjean and Andersen 1982, Niebuhr and Wulf 1984) and
altered chromosome length (an indication of mitotic spindle function) in
cultured human lymphocytes (Grandjean and Andersen 1982).

4.3.5.2 Nonhuman

Tests for gene mutations, DNA modification, and recombinations in
various microorganisms (see Table 4.2) using lead acetate (Nishioka
1975; Bruce and Heddle 1979; Dunkel et al. 1984; Simmon 1979a,b; Simmon
et al. 1979; Rosenkranz and Poirer 1979), lead nitrate (Kharab and Singh
1985) and lead chloride (Fukunaga et al. 1982, Nishioka 1975) were
consistently negative with or without metabolic activation. A positive
response was observed by Nestmann et al. (1979) for lead chromate, but
further testing clarified that the positive response was associated with
the chromate rather than the lead moiety. Lead chloride has been shown
to inhibit both RNA (Hoffman and Niyogi 1977) and DNA (Sirover and Loeb
1976) synthesis.

In mammalian test systems in vitro (Syrian or Chinese hamster
cells), lead acetate gave conflicting results for structural chromosomal
aberrations (Robison et al. 1984, Bauchinger and Schmid 1972). Lead
acetate increased the frequency of DNA repair (Robison et al. 1984), the
frequency of achromatic lesions and gaps (Bauchinger and Schmid 1972),
and both lead acetate (Bauchinger and Schmid 1972) and lead sulfate
(Costa et al. 1982) interfered with normal mitotic division.

In in vivo tests (see Table 4.3) lead nitrate was negative for
chromosome loss and nondisjunction in Drosophila melanogaster (Ramel and
Magnusson 1979). Results were mixed for various manifestations of
genotoxicity in several experiments with lead acetate in mammals
(Jacquet et al. 1977, Jacquet and Tachon 1981, Tachi et al. 1985, Muro
and Goyer 1969, Choie and Richter 1978, Willems et al. 1982, Bruce and
Heddle 1979, Deknudt et al. 1977, Deknudt and Gerber 1979).

Genotoxicity testing of organolead compounds yielded mixed results.
Tetramethyl lead was negative in plate tests in S. typhimurium with and
without metabolic activation (Haworth et al. 1983), and triethyl lead
was positive for nondisjunction and gave conflicting results for
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chromosome loss in D. melanogaster (Ahlberg et al. 1972, Ramel 1973,
Ramel and Magnusson 1979).

4.3.5.3 General discussion

The EPA (1986a) noted that lead was consistently negative in tests
for mutagenicity in microbial systems and concluded that these systems
are not sufficiently developed to demonstrate mutagenicity for metals
that are known carcinogens. The EPA (1986a) also noted that conflicting
results were reported for genotoxicity in mammalian (including human)
tests in vitro and in vivo, although the weight of evidence suggests a
clastogenic effect of lead. It was hypothesized that increasing the
length of culture time (i.e., from 48 to 72 h) may improve the
likelihood of a positive result (EPA 1986a). In addition, the status of
calcium nutrition may be important in the expression of lead-induced
clastogenicity in both {n vitro and in vivo tests. Studies in mice
{Deknudt and Gerber 1979) and monkeys (Deknudt et al. 1977) indicated
that calcium deficiency may enhance the genotoxicity of lead as it does
other manifestations of lead toxicity.

4.3.6 Carcinogenicity

4.3.6.1 Inhalation

Human. Several studies reviewed by the EPA (1986a) have examined
the association of occupational exposure to lead with increased cancer
risk. Generally, these studies are limited in usefulness because the
actual compound(s) of lead, the route(s) of exposure, and levels of lead
to which the workers were exposed were not reported. Furthermore,
exposure to other chemicals including arsenic probably occurred,
particularly in lead smelters, and smoking was a possible confounder
(Cooper 1976, EPA 1988a, IARC 1987). These studies, therefore, are not
sufficient to evaluate the carcinogenicity of lead in humans and this
report is restricted to the most comprehensive of these studies.

The most extensive was a series of reports of a large number of
workers at six domestic lead production plants (smelters and recycling
plants) and ten battery plants (Cooper and Gaffey 1975, Cooper 1976).
Increased incidences of total malignant neoplasms were observed for both
categories of lead workers, but the increase was statistically
significant only for lead production workers. The increase in total
malignancies appeared to be dus to small but statistically
nonsignificant increases in digestive and respiratory tract tumors,
evident in both the lead production and battery workers, and in urinary
tract tumors in production workers. In a statistical reanalysis of the
Cooper and Gaffey (1975) data, Kang et al. (1980) determined that the
incidence of total malignant neoplasms, cancers of the digestive tract,
and cancers of thé respiratory tract were statistically elevated in both
lead production workers and battery workers.

In a follov-up to the original study, Cooper (1981) reported that
lead had no cancer-inducing properties, although SMRs of 125 to 1498 for
total malignant neoplasms, 1728 for respiratory cancer, and 229% for
cancers of other sites were reported in battery workers. In a recent
evaluation of a more select subset from the original study, Cooper et
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al. (1985) reported increased SMRs for total malignancies in both groups
of workers (statistically significant only in the battery workers
because of the statistical power of the larger numbers in this group)
attributed to digestive and respiratory cancers.

Selevan et al. (1985) reported an SMR of 2048 for mortality from
renal cancer in a cohort of lead smelter workers. Although the results
were not statistically significant because of small numbers, the study
is of interest because animal studies associate lead exposure with
kidney cancer (Sect. 4.3.6.2 on carcinogenicity after oral exposure). In
addition, two cases of renal cancer have been reported in occupationally
exposed men who had symptoms of lead poisoning and high blood lead
levels (Baker et al. 1980, Lilis 1981). In one case, the tumor was
reported to contain a high level of lead and to have histopathological
characteristics similar to those of kidney tumors induced by lead in
animals (Baker et al. 1980).

Animal. Pertinent data were not located regarding the
carcinogenicity of lead in animals exposed by inhalation.

4.3.6.2 Oral

Human. Pertinent data were not located regarding the
carcinogenicity of lead in humans exposed solely by the oral route.

Animsl. Several studies in animals reviewed by the the EPA (1986a)
qualitatively associate oral exposure to several different lead
compounds with renal tumors in various species of animals. Most studies
wvere conducted with one or two dosages of lead. Some examples are
sumnarized i{in Table 4.4. Renal tumors were often observed at dosages
lower than those associated with mortality attributed to renal damage.

The most comprehensive set of studies was performed by Azar et al.
(1973), who administered lead acetate to rats at nominal concentrations
of 0, 10, 50, 100, 500, 1,000, or 2,000 ppm lead in the diet for 2
years. The control group consisted of 100 rats per sex, and the 10- to
500-ppm treatment groups had 50 rats per sex. After the study was in
progress for a few months, groups of 20 rats per sex were fed diets
containing 0, 1,000, or 2,000 ppa. Blood lead levels, measured at
termination after 24 months of exposure were 12.7, 11.0, 18.5, 35.2, and
77.8 pg/dL in the 0-, 10-, 50-, 100-, and 500-ppm groups; and 16.4,
98.6, and 98.4 ug/dL in the 0-, 1,000-, and 2,000-ppm groups,
respectively. Renal tumors occurred in 5/50 male rats at 500 ppm, in
10/20 males at 1,000 ppm, and in 16/20 males and 7/20 females at 2,000

ppa.

4.3.6.3 Dermal

Human. -Data regarding the carcinogenicity of lead in dermally
exposed humans were not located in the available literature.

Animal. Baldwin et al. (1964) reported renal tumors in 5/59 mice
in a skin painting experiment in which lead naphthenate in benzens vas
applied 1 or 2 times weekly for 18 months. There was no effect on the
incidence of skin tumors. Benzene-treated controls were not maintained.
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Table 4.4. Examples of studies ou the incidence of tumors
in experimental animals orally expesed to lead compounds

Incidence (any type)

Species  Pb compound Dose and mode of neoplasms References
Rat Pb acetate 1% (in diet) 15/16 (kidney tumors) Boyland et al. 1962
14/16 (renal carcinomas)
Rat Pb subacetate  0.1% and 1.0% (in diet) 11/32 (renal tumors) Van Esch et al. 1962
13/24 (reaal tumors)
Rat Pb subacetate  0.5-1% (in diet) 14/24 (reaal tumors) Hass et al. 1967
Rat Pb subacetate 1% (in diet) 31/40 (renal tumors) Maso and Molnar 1967
Rat Pb acetate 3 mg/day for 2 moanths; 72/126 (renal tumors) Zawirska and Medras’ 1968
4 mg/day for 16 months  23/94 males [testicular
(per os) (Leydig cell) tumors)
Hamster Pb subacetate 1.0 and 0.5% (in diet) No significant incidence Vas Esch and Kroes 1969
of reaal neoplasms
Mouse Pb subacetate 0.1 and 1.0% (in diet) 7/25 (reaal carcinomas) Van Esch and Kroes 1969
at 0.1%; substantial
death at 1.0%
Rat Pb nitrate 25 g/L No significant incidence Schroeder ¢t al. 1970
(in drinking water) of tumors
Rat Pb acetate 3 mg/day (per os) 89/94 (renal, pituitary, cerebral Zawirska and Medras' 1972
gliomas, adreaal, thyroid,
prostatic, mammary tumors)
Rat Pb acetate 0, 10, 50, 100, 500, No tumors 0-100 ppm; 5/50 Azsr et al. 1973
1,000, 2,000 ppm (in diet) (remal tumors) at SO0 ppm;
for 2 years 10/20 st 1,000 ppm; 16/20
males, 7/20 females at 2,000 ppm
Rat Pb acetate 0, 26, 2,600 ppm $1% (renal tumors) at 2,600 ppm  Koller et al 1985
(in drinking water

for 76 weeks)
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4.3.6.4 Other tests

Lead subacetate was positive at high dosages in the strain A mouse
lung adenoma bioassay (Stoner et al. 1976, Poirier et al. 1984), but the
positive response was blocked by simultaneous adainistration of calcium
or magnesium acetate (Poirier et al. 1984). Subcutaneous administration
of lead phosphate to rats was associated with high incidence of renal
tumors (Zollinger 1953, Balo et al. 1965). Lead acetate was positive in
cell transformation tests in Syrian hamster embryo cells (Pienta et al.
1977, Dunkel et al. 1981) and in MLV-infected rat embryo cells (Dunkel
et al. 1981), and enhanced simian adenovirus (SA-7) transformation of
Syrian hamster embryo cells (Casto et al. 1979). Lead oxide also
enhanced SA-7 transformation of Syrian hamster embryo cells (Casto et
al. 1979).

4.3.6.5 Genaeral discussion

According to a recent EPA (1988a) assesament, the available
epidemiological studies lacked quantitative exposure data for lead and
for possible confounding exposures (e.g., arsenic, smoking), cancer
excesses in the lung and stomach of lead-exposed workers were relatively
small, dose-response relationships were not demonstrated in any study,
and no consistency of site was observed among the various studies. The
EPA (1988a) concluded that the human data are inadequate to refute or
demonstrate the potential carcinogenicity of lead exposure for humans.

The EPA (1988a) concluded that the animal data are sufficient to
demonstrate that lead and (inorganic lead) compounds, particularly
soluble lead salts, are carcinogenic to animals. Although dose-response
data are available from animal studies, the EPA (1988a) recommended that
a numerical estimate of cancer potency or risk based on such data should
not be used because of the uncertainties, some of which may be unique to
lead, involved in such an extrapolation. Current knowledge of the
pharmacokinetics of lead indicates that an estimate derived by standard
methods would not adequately delineate the potential risk (EPA 1988a).
EPA (1988a) assigned lead and (inorganic) lead compounds a
classification of B2 - probable human carcinogen.

IARC (1987) concluded that the evidence for carcinogenicity of lead
and inorganic lead compounds was inadequate in humans and sufficient in
animals. IARC (1987) classified lead and inorganic lead compounds in
IARC Group 2B - possible human carcinogen.

4.4 IITIIACTIOﬁS WITH OTHER CHEMICALS

The toxicokinetic and toxicological behavior of lead can be
affected by interactions with essential elements and nutrients. In
humans, the interactive behavior of lead and various nutritional factors
is appropriately viewed as particularly significant for children, since
this age group is not only particularly sensitive to the effects of
lead, but also experiences the greatest changes in relative nutrient
status.

Available data from a number of reports document the association of
lead absorption with suboptimal nutritional status. Ziegler et al.
(1978) observed that lead retention in infants was inversely correlated
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with calcium intake, expressed either as a percentage of total or on a
weight basis. Mahaffey et al. (1976) showed that children 1 to 4 years
of age with blood lead levels >40 ug/dL had significantly lower intake
of phosphorus and calcium compared with a control group, while iron
intake in the two groups was comparable. Ulin§ adults, Heard and
Chamberlain (1982) monitored the uptake of 203Pb from the gut in eight
subjects as a function of the amounts of dietary calcium and phosphorus.
Without supplementation of these minerals in fasting subjects, the label
absorption rate was -~60%, compared with 10% in subjects supplemented
with 200 mg calcium plus 140 mg phosphorus, the amounts present in an
average meal. Calcium alone reduced uptake by a factor of 1.3 and
phosphorus alone by 1.2; both together ylelded a reduction factor of 6.
Sorrell et al. (1977) found that blood lead content was inversely
correlated with calcium intake in children 1 to 4 years of age. Children
with blood levels >60 ug/dL had significantly (P < 0.001) lower intakes
of calcium and vitamin D.

Rosen et al. (1980, 1981) found that children with elevated blood
lead (33 to 120 ug/dL) had significantly lower serum concentrations of
the vitamin D metabolite 1,25-dihydroxyvitamin D compared with age-
matched controls (P < 0.001), and showed a negative correlation of serum
1,25-dihydroxyvitamin D with lead over the range of blood lead levels
measured.

Johnson and Tenuta (1979) determined that calcium intake was
negatively correlated with blood lead in 43 children aged 1 to 6 years.
The high lead group also consumed less zinc than children with lower
blood levels. In a group of 13 children, Markowitz and Rosen (1981)
reported that the mean serum zinc levels in children with plumbism were
significantly below the values seen in normal children. Chelation
therapy reduced the mean level sven further. Chisolm (1981) reported an
inverse relationship between AlA {n urine and the amount of chelatable
or systemically active zinc in 66 children challenged with EDTA and
having blood lead levels ranging from 45 to 60 ug/dL. Thomasino et al.
(1977) described a case of a lead-intoxicated man who was given calcium
sodium EDTA and zinc sulfate therapy. During chelation therapy, blood
lead and erythrocyte ALA-D activity decreased and urinary excretion of
zinc increased. Chelation therapy followed by treatment with zinc
sulfate increased ALA-D activity. Boscolo et al. (1983a,b) found that
combined treatment of lead-exposed patients with EDTA and zinc resulted
in lowered blood pressure, elevated erythrocyte ALA-D activity,
decreased urinary excretion of ALA, ameliorated heme synthesis and
prevented zinc depletion. These results suggest that zinc plays a
protective role in lead toxicity.

Yip et al. (1981) found that 43 children with elevated blood lead
(>30 ug/dL) and EP (>35 ug/dL) had an increased prevalence of iron
deficiency as these two parameters increased. Chisolm (1981)
demonstrated an inverse relationship between chelatable iron and
chelatable body lead levels as indexed by urinary ALA levels in 66
children with elevated blood lead. Watson et al. (1980) reported that
adult subjects who were iron deficient showed a lead absorption rate 2
to 3 times greater than subjects who were iron replete. Daily
nutritional intake of dietary fiber, iron, and thiamine were negatively
correlated with blood lead levels in male workers occupationally exposed
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to lead in a steel factory (Ito et al. 1987). Davis and Avram (1978)
found a significant reversal of in vitro inhibitory effects of lead on
human ALA-D activity by low concentrations of cadmium or zinc.

Reports of lead-nutrient interactions in experimental animals have
generally described such relationships in terms of a single nutrient,
using relative absorption or tissue retention in the animal to index the
effect. Most of the data are concerned with the impact of dietary levels
of calcium, iron, phosphorus, and vitamin D. These interaccion studies
are summarized in Table 4.5.

Lead has also been found to interact with a number of other metals
in the bodies of animals with resultant synergistic, additive, or
antagonistic effects.

Animals on low-calcium diets exhibit increased susceptibility to
lead as a consequence of increased lead retention associated with
decreased renal excretion of lead (Goyer 1986). A low-calcium diet has
been shown to promote genetic damage by lead (Deknudt and Gerber 1979).
Lead administered to mice in combination with a low-calcium diet
produced an excess of chromosomal aberrations compared with low-calcium
controls fed no lead or with mice administered lead on a normal-calcium
diet. Deknudt et al. (1977) also found that the frequency of severe
chromosomal abnormalities was significantly increased in monkeys given
lead in conjunction with a low-calcium diet compared with a group given
as much lead but on a normal diet. Poirier et al. (1984) found that
calcium and magnesium prevented an increase in lung adenoma formation in
mice administered lead subacetates.

Cadaium also affects the toxicity of lead. Anca et al. (1982)
reported that rats given lead and cadmium in combination exhibited
increased body weight loss and increased relative brain, liver, and
adrenal weights compared with animals that were given either lead or
cadmium alone. Toxic effects of the kidney, liver, and hematopoletic
system due to the combined action of lead and cadmium were also reported
(Salangina et al. 1982). A synergistic effect of these metals was found
on prostatic cytology and testicular damage in male rats (Fahim and
Khare 1980). Suzuki (1981) reported that cadmium inhibited the retention
of lead or increased its excretion, but lead did not affect the
accumulation of cadmium. Suzuki (1981) also reported simple additive
effects of lead and cadmium on the growth of rats. Rats fed lead and
cadmium had a marked reduction of reticulocytosis compared with rats fed
lead alone (Thawley et al. 1977).

Several interactions of lead and iron have been reported. Irom
appeared to reduce the effects of orally or subcutaneously administered
lead on blood enzyme and liver catalase activity (Bota et al. 1982).
Treatment of pregnant hamsters with iron- or calcium-deficient diets in
conjunction with orally administered lead resulted in embryonic or fetal
mortality and abnormalities (runting, edema) in the litters, while
treatment with complete diets and lead did not (Carpenter 1982). In
addition, Makarov and Isakhanov (1981) suggested that iron deficiency
was probably the cause of embyrotoxicity in lead-treated rats.
Inadequate levels of iron in association with increased body burdens of
lead enhanced biochemical changes associated with lead intoxication
(Dhir et al. 1985). Ferrous iron was reported to protect against the



Table 4.5. Effect of autritions] factors en lead uptake in animals

Factor Specics Index of offect Interactive effoct References
Calcium Rat Load in tissuos and severity of offoct Low dictary calcium (0.1%) increascs lead Six and Goyer 1970,
at Jow lovels of dietary calcium absorption and severity of effects Mabhaffey et al. 1973
Caleium Pig Load in tissues at low lovels of Increased absorptioa of lead with low Hsu et al. 1975
diotary calcium diotary calcium
Calcium Horse  Lead in tissuos at low lovels of Incroased absorptioa of lead with tow Willoughby ct al. 1972
distary calciam dietary calcium
Calcium Lamb  Lead in tissues at low levels of Increased absoeption of lead with low Morrisoa ot al. 1977
distary caicism dietary calcium
Calcium Rat Lead retestion Reteation incroased in calcium deficieacy Bartoa ot al. 19782
Iroa Rat Tisswe lovels and relative toxicity lrom deficisacy increases load absorptioa Six and Goyer 1972
of lead and tonicity
Irom Rat Lead sbsorption in overted duodoaal Reduction in intubeted iroa incroases lead Bartoa et al. 1978b
sac preparation absorption; increased lovels docrease lead uptake
Iroa Mouse  Lead reteatioa Iroa deficieacy has 20 effect oa lead reteation Hamilton 1978
Proteia Rat Body lead reteatioa Low dictary protein cither reduces or does not Quarterman et al. 1978
affect reteation ia various tissues
Protein Rat Tissue lovels of load Casecin diet increases lead uptake compared Anders et al. 1982
to soybean meal
Milk Rat Lead sbeorption Lactoso-hydrolyzed milk does not increase lcad Bell and Spickett 1981
composeats absorption, but ordiaary milk does
Milk Rat Lead absorptioa Lactose in dict enhances lead absorption Bushaell and Deluca 1981
compoacats compared to gluoose
Zinc Rat Load absorption Low zinc in diets increases lead absorption Cerklewski and Forbes 1976,
EBl-Gazzar ot al 1978
Ziac Rat Lead transfer is utero asd in milk Low-ziac diet of mother incresses lead Cerklewski 1979

during lactation

transfer in utero and ia maternal milk
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Table 4.5. (continued)

Factor Species Index of effect Interactive cffect References
Zinc Rat Tissuc reteation Low zinc diet eahasces braia Pb lovels Bushucll and Levia 1983
Copper Rat Lead absorption Low copper ia dict increases lead absorption Klauder et al. 1973,

Klauder and Petering 1975
Iron Rat Ia utero or milk tranafer of lead in Iron deficiency increases both in utero and Cerklewski 1980
pregaast or lactating rats milk tranefer of lead to sucklings
Phosphorus  Rat Lead uptake in tissucs Rdmmm”’num Baritrop and Kboo 1975
2.7-fold
Phosphorus  Rat Lead reteation Low dietary phosphorus cahances lead retestioa;  Quarterman and Mocrison
no effect on lead resorption in bone 1975
Phosphorus  Rat Lead reteation Low dietary phosphorus eahances both lead Bartos and Conrad 1981
reteation and lead deposition ia bome
Vitamia D  Rat Lead absorption using cverted sac Increasing vitamia D increases intubated lead Smith ct al. 1978
techaiques absorption
Vitamin D  Rat Lead absorption using everted sac Both low and excess levels of vitamin D Barton ct al. 1980
tochaiques increass load uptake by affecting motility
Lipid Rat Lead sbeorption Increases in lipid (cors ail) coateat up to Baritrop and Khoo 1975
40% cahance lead absorption
Protein Rat Lead uptake by tissues Both low and high protein in diet increases Baritrop and Khoo 1975

lcad absorption

0zt
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inhibition of hemoglobin synthesis and cell metabolism by lead (Waxman
and Rabinovitz 1966, Dhir et al. 1985). In addition, the incorporation
of iron into heme in the mouse embryonic liver was greatly decreased in
lead-treated mice, resulting in retarded embryo growth due to impaired
heme synthesis (Gerber and Maes 1978).

The reduction in uptake of lead and decrease of lead-induced ALA-D
inhibition upon administration of copper may be achieved through a
competition between the two metals for binding to proteins (Edshall and
Wyman 1958, Underwood 1977). A study by Cho and Cha (1982) found that
the content of both iron and lead in the blood were higher in rats given
lead alone than {n rats administered lead plus copper and that blood
ALA-D was reduced further in the lead-plus-copper groups than the group
receiving lead alone.

Zinc may have a protective effect against lead toxicity. Goyer
{1986) reported that zinc added in the diet has been found to protect
horses grazing on lead-contaminated pastures from clinical signs of lead
toxicity. Haeger-Aronsen et al. (1976) reported that zinc almost
entirely eliminated the inhibition of ALA-D by lead, and speculated that
the prevention of the development of pharyngeal and laryngeal paralysis
seen in lead-intoxicated foals (Willoughby et al. 1972) may be due to
zinc's antagonistic effects upon ALA-D. Brewer et al. (1985) noted that
zinc protected horses and rats against the effects of orally
administered lead. Brewer et al. (1985) suggested that zinc probably
acts via an intestinal metallothionein mechanism, and that
supplementation with zinc sufficient to induce significant intestinal
metallothionein (which binds lead) could be used to reduce the toxicity
of lead. A protective effect of zinc against lead toxicity in the chick
embryo has also been shown (Srivastava and Tandon 1984).

Evidence suggests that lead increases the toxic effects of mercury.
Singh and Sivalingam (1982) reported that the addition of lead to
mercury increased the inhibitory effects of mercury on catalase activity
in vitro in the fish, Sarotherodon mossambicus. In the rat, the
administration of lead nitrate increased kidney and liver glutathione
content and resulted in increased mercury deposition in the kidney,
along with increased lethality (Congiu et al. 1979).

The interaction of lead and ethanol has been studied by Flora and
Tandon (1987), who suggested that rats exposed to lead and ethanol are
more susceptible to the neurological and hepatotoxic effects >f lead. In
this study, the simultaneous exposure of rats to lead and ethanol
resulted in a significantly higher concentration of lead in blood,
brain, and liver tissues compared with rats treated with lead alone.
Lead given with ethanol resulted in more pronounced inhibition of the
activities of hepatic glutamic oxaloacetic transaminase (GOT) and
glutamic pyruvic.transaminase (GPT) than did treatment with lead by
itself. In addition, exposure to lead plus ethanol resulted in a greater
depression of dopamine and 5-hydroxytryptamine levels in the rat brain
than did lead treatment alone.

Gelman et al. (1978) found that the interaction between lead and
phenylhydrazine produced an additive effect in the acute hemolytic phase
of anemia and a probable synergistic effect during the compensatory
phase of anemia.
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5. MANUFACTURE, IMPORT, USE, AND DISPOSAL

5.1 OVERVIEW

Almost all lead-producing mines in the United States are
underground operations. As of 1983, there were 39 lead mines in
operation in the United States. The nation’s largest lead refineries are
located in southeastern Missouri where eight mines provide ~91% of the
total domestic output of lead ore. During 1986, U.S. production of
refined lead from primary sources (ore and base bullion) was 808 million
1b, and production of lead from secondary sources (old scrap and product
wastes) was 1,356 million 1b. Lead is used primarily in the production
of storage batteries, oxides, and chemicals (including gasoline
additives), and ammunition and various metal products (i.e., sheet laad,
solder, and pipes). The primary method of disposal for lead is
recycling. Recycling of old scrap metal supplies ~45% of the U.S. demand
for lead. However, a large amount of lead is disposed of annually in
municipal and hazardous waste landfills.

5.2 PRODUCTION

As mentioned above, almost all lead-producing mines in the United
States are underground operations. Lead obtained as a by-product from
open-pit copper mines is the only source of aboveground lead production.
Mined ore is crushed, ground, and concentrated (most commonly by
flotation). Treatment of lead concentrate involves sintering, smelting,
drossing, and refining to 99.5 to 99.99% purity (Woodbury 1985a). Lead
can also be recovered from secondary sources, which include scrap,
product vastes, refinery drosses, and residues (USDI 1987). Detailed
descriptions of the mining, milling, smelting, and refining processes,
and processes for recovery froam secondary sources are reported in Howe
(1981).

During 1986, mine production of recoverable lead in the United
States was 749 million 1lb, production of refined lead from primary
sources was 808 million 1lb, and production of lead by recovery from
secondary sources was 1,356 million 1lb (USDI 1987). Consumption of lead
in the United States during 1986 was 2,480 million 1b (USDI 1987).

During 1983, the domestic lead mining industry was composed of 39
mines distributed between 8 states. Eight mines in southeastern Missouri
produced 918 of the total domestic output in 1983, while a total of 23
mines in Idaho, Colorado, Montana, and New York accounted for ~9% of the
domestic output (Woodbury 1985a). The nation’'s largest refineries of
lead from primary sources are located in southeastern Missouri (Woodbury
1985b). As of 1988, the U.S. secondary lead industry consisted of 20
companies, which operated 27 plants with metal-refining capacities
ranging from ~5,000 to 100,000 tons per year, representing 968 of the
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total secondary lead production in the United States. Twenty-three small
producers at 24 plants with annual capacities of 1,000 tons per year or
less accounted for the remaining 4% of secondary lead production. The
U.S. secondary production of lead was 737,000 metric tons in 1988, -~-87%
of the production capacity (Woodbury 1989).

5.3 IMPORT

During 1986, 319 million 1lb of lead was imported for consumption in
the United States (USDI 1987).

5.4 USES

The domestic use pattern for lead in 1986 was as follows (USDI
1987): storage batteries, including oxides, 75.9%; other oxides and
chemicals, including gasoline additives, 8.7%; ammunition, 4.0%;
miscellaneous metal products, including sheet lead, solder, pipes,
traps, and other extruded products, cable covering, and other metal
products, 9.0%; miscellaneous uses, 2.4%. The commercial importance of
lead is based on its ease of casting, high density, low melting point,
low strength, ease of fabrication, acid resistance, electrocheaical
reaction with sulfuric acid, and chemical stability in air, water, and
soil (Howe 198l1). In recent years, the amounts of lead used in paints
and ceramic product applications, in gasoline additives and in solder,
particularly in applications involving potable water supplies and food
containers, have been reduced because of adverse health effects
(Woodbury 1985a,b).

5.5 DISPOSAL

The primary method of handling the disposal of lead is recycling.
An estimated 70 to 75% of the consumed lead in the United States is
considered to be recyclable. Certain applications of lead preclude
recycling (i.e., use as a gasoline additive). Recycling of old scrap
metal supplies ~45% of the U.S. demand for lead (Woodbury 1985a).

A large amount of lead is disposed of annually in municipal and
hazardous waste landfills. Lesad is commonly disposed of as part of both
domestic and commercial lead-containing products (Perwak et al. 1982).
Lead-containing waste products include storage batteries, ammunition
vaste, sheet lead, solder, pipes, traps, and other metal products; solid
wvaste and tailings from lead mining; items covered with lead-based
paint; and solid wastes created by mineral ore processing, iron and
steel production, copper and zinc smelting, and the production and use
of various lead-containing products (Perwak et al. 1982, USDI 1987).
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6. ENVIRONMENTAL FATE

6.1 OVERVIEVW

The primary source of lead in the environment is anthropogenic
emissions to the atmosphere. As of 1984, gasoline combustion was
responsible for ~90% of all anthropogenic lead emissions; however, EPA
has been phasing out the use of lead alkyls in gasoline, and auto
emissions are no longer the single largest source of lead in the
atmosphere. Atmospheric deposition is the largest source of lead found
in both soils and surface waters. Lead is transferred continuously
between air, water, and soil by natural chemical and physical processes
such as weathering, runoff, precipitation, dry deposition of dust, and
stream/river flow; however, soil and sediments appear to be important
sinks for lead. Lead particles are removed from the atmosphere primarily
by wet and dry deposition. The average residence time is expected to
range between 7 and 30 days. Over this time, long distance transport, up
to thousands of kilometers, may take place. Lead is extremely persistent
in both water and soil. The speciation of lead in these media varies
widely depending upon such factors as temperature, pH, and the presence
of humic materials. Lead is largely associated with suspended solids and
sediments in aquatic systems, and it occurs in relatively immobile forms
in soil.

6.2 RELEASE TO THE ENVIRONMENT

Lead is a naturally occurring element that has been found in the
earth’s crust and in all compartments of the biosphere. Both natural and
anthropogenic processes are responsible for the distribution of lead
throughout the envirorment. Of particular importance are emissions of
lead to the atmosphere, which is the finitial recipient for much of the
lead dispersed throughout the enviromment. Estimated atmospheric
enissions of lead from anthropogenic point and nonpoint sources in the
United States during 1984 are listed in Table 6.1. Mobile and stationary
sources of lead, although found throughout the nation, tend to be
concentrated in areas of high population density and near smelters.
Natural emissions of lead to the atmosphere from volcanoes and windblown
dust are believed to be of minor importance (EPA 1986a).

As indicated in Table 6.1, automotive emissions have been the
largest source of lead emitted to the atmosphere. More than 90% (mass
basis) of automotive lead emissions are in the form of inorganic
particulate matter (e.g., PbBrCl) and <108 (mass basis) is in the form
of organolead vapors (e.g., lead alkyls). Because of a decrease in the
lead content in unleaded gasoline and an increase in the number of cars
that use unleaded gasoline, the amount of lead emitted to the atmosphere
in the United States has been reduced substantially in recent years. The
estimated lead emission from automobiles in 1984 was based on an average
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Table 6.1. Estimated anthropogenic lead emissions to the

atmosphere for the United States, 1984

Annual (1984)
emissions Petmtue of total
Source category (tons/year) U.S. emissions
Gasoline combustion 34,881 89.4
Waste oil combustion 781 20
Solid waste combustion 3526 0.9
Coal combustion 265 0.7
Qil combustion 115 0.3
Gray iron production 54 0.1
Iron and steel production 427 1.1
Secondary lead smelting 278 0.7
Primary copper smelting 29 0.1
Ore crushing and grinding 116 0.3
Primary lead smelting 1,150 28
Zinc smelting 116 0.3
Other metallurgical 11 0.1
Lead alkyl manufacture 224 0.6
Lead acid battery manufacture 112 0.3
Portland cement production 70 0.2
Miscellaneous 35 0.1
Total 39,016° 100%

*The estimated 1988 emissions from leaded gasoline (10 X 10°

pl/meOl;Pb/nl)ilabontllwm/yeu
’Because

of the decrease in emissions from leaded gasoline (see

footnote ) and an increase in municiple waste combustion since 1984,
waste incineration probably accounts for larger amounts of relesse than
cither gasoline combustion or primary lead smelting.

“Iaventory does not include emissions from exhausting workroom

air, burning of lead-painted surfaces, welding of lead-painted steel

structures, or weathering of painted surfaces.
Sowurce: EPA 1986a.



Environmental Fate 227

content of 0.44 g/gallon gasoline (EPA 1986a); however, the current
allowable lead content of leaded gasoline is 0.1 g/gallon gasoline (EPA
1985b). Based on this figure, estimated 1988 emissions from leaded
gasoline is ~1,100 tons/year. This suggests that automotive emissions
are no longer the single largest source of lead in the atmosphere.

No data are available on the amount of lead released to the
environment from lead-based paints. Releases from lead-based paints are
frequently confined to the area in the immediate vicinity of painted
surfaces, and deterioration or removal of the paint can result in high
localized concentrations of lead in air and on exposed surfaces. In some
soils, deterioration and removal of lead-based paint from painted
surfaces are the primary sources of lead (EPA 1986a).

The largest volume of organoclead vapors released to the atmosphere
results from the manufacture, transport, and handling of leaded
gasoline. Such vapors are photorsactive, and their presence in local
atmospheres is transitory. Organolead vapors have been found to
contribute <10% of the total lead present in the atmosphere. Organolead
vapors are most likely to occur in occupational settings (e.g., gasoline
transport and handling operations, gas stations, and parking garages)
(EPA 1986a).

Second to atmospheric emissions, lead in the form of solid waste is
the next largest source of lead released to the environment. Solid
wvastes are produced primarily as a result of domestic ore production and
ammunition use. Other sources include solder, weights and ballasts,
bearing metals, and iron and steel production. These sources are
concentrated primarily in landfills. Levels of lead found in most other
soils largely reflect atmospheric deposition patterns (Perwak et al.
1982),

Aquatic discharges resulting from major uses of lead are assumed to
be small. Of the known aquatic releases, the largest ones are steel and
iron industries and lead production (Perwak et al. 1982). Urban runoff
and atmospheric deposition appear to be the major sources of lead found
in the aquatic enviromment (Perwak et al. 1982, EPA 1986a).

6.3 ENVIRONMERTAL FATE

6.3.1 Air

In the atmosphers, lead exists primarily in the particulate form.
Upon release to the atmosphere, lsad particles are dispersed,
transformed by physical and/or chemical processes, and ultimately
removed from the atmosphere by wet or dry deposition. An important
factor in determining the atmospheric transport of lead is particle size
distribution. Large particles, particularly those with aerodynamic
diameters >2 um, settle out of the atmosphere fairly rapidly and are
deposited relatively close to emission sources, vhereas smaller
particles may be transported thousands of kilometers. The dry deposition
velocity for lead particles with serodynamic diameters of 0.6 to 2.0 um
vas estimated to range between 0.2 and 0.5 can/s. The amount of lead
scavenged from the atmosphere by wet deposition varies widely; wet
deposition can account for 20 to 80% of lead deposition depending on
such factors as geographic location and amount of emissions in the area
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(NSF 1977, EPA 1986a). Larger amounts of lead are expected to be removed
by wet deposition in areas of acid rain (e.g., northeastern United
States), because acid rain has a tendency to solubilize lead (McDonald
1985). The average residence time of lead particles in the atmosphere is
expected to range between 7 and 30 days (EPA 1986a).

S

Information available regarding the chemistry of lead in air is
limited. Lead particles are emitted to the atmosphere from automobiles
as lead halides (e.g., PbBrCl) and as double salts with ammonium halides
(e.g., 2PbBrCl NH4Cl); lead particles are emitted from mines and
smelters primarily in the form of PbSO4, PbO-PbSO4, and PbS (EPA 1986a).
In the atmosphere, lead exists primarily in the form of PbSO4, PbCO3,
and 2PbBrCl NH4Cl (NSF 1977). It is not completely clear how the
chemical composition of lead changes during dispersion (EPA 1986a, NSF
1977).

Based on the vapor pressure of tetraethyl and tetramethyl lead,
these two compounds are expected to exist almost entirely in the vapor
phase in the atmosphere (Eisenreich et al. 1981). When exposed to
sunlight, they decompose rapidly to trialkyl and dialkyl lead compounds ‘
by a combination of direct photolysis, reaction with hydroxyl radicals,
and reaction with ozone. The half-life of tetraethyl lead in brightly
sunlit atmospheres is expected to be ~1 h, while the half-life for
tetramethyl lead will be on the order of several hours. Trialkyl
compounds are expected to occur almost entirely in the vapor phase,
whereas dialkyl compounds are expected to occur almost entirely in
particulate form. Because of the relatively high water solubility of
trialkyl and dialkyl lead compounds, washout is probably a major process
for these compounds. In addition, the latter species may be
significantly removed by dry deposition. Adsorption of tetraethyl and
tetramethyl lead to atmospheric particles is not expected to be an
important environmental sink (EPA 1985a, DeJonghe and Adams 1986).

~——

6.3.2 Water

The chemistry of lead in aqueous solution is highly complex because
this element can be found in a multiplicity of forms. Lead has a
tendency to form compounds of low solubility with the major anions of
natural water. In the natural environment, the divalent form (Pb2+) is
the stable ionic species of lead. Hydroxide, carbonate, sulfide, and,
more rarely, sulfate may act as solubility controls in precipitating
lead from water (Callahan et al. 1979). Tetraalkyl leads may also form
by a combination of chemical/biological alkylation of inorganic lead
compounds under appropriate conditions (EPA 1985a).

The amount of lead that remains in solution depends upon the pH of
the water and the dissolved salt content. Equilibrium calculations show
that at pH >5.4, the total solubility of lead is ~30 ug/L in hard water
and ~500 ug/L in soft water. Sulfate ions, if present in soft water,
limit the lead concentration in solution through the formation of lead
sulfate. Above pH 5.4, PbCO3 and Pb2(OH)2C03 limit the concentration.
The carbonate concentration is in turn dependent upon the partial
pressure of CO2, pH, and temperature (EPA 1986a).
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A significant fraction of lead carried by river water is expected
to be in an undissolved form, which can consist of colloidal particles
or larger undissolved particles of lead carbonate, lead oxide, lead
hydroxide, or other lead compounds incorporated in other components of
surface particulate matters from runoff. Lead may occur either as sorbed
ions or surface coatings on sediment mineral particles, or it may be
carried as a part of suspended living or nonliving organic matter in
vater. The ratio of lead in suspended solids to lead in dissolved form
has been found to vary from 4:1 in rural streams to 27:1 in urban
streans (EPA 1986a).

In general, the highest lead concentrations are found in aquatic
and terrestrial organisms that live near mining, smelting, and refining
activities; storage battery recycling plants; areas affected by high
automobile and truck traffic; sewage, sludge, and spoil disposal areas;
sites where dredging has occurred; areas of heavy hunting (lead source
from spent shot); and in urban and industralized areas (Eisler 1988).
Lead does not appear to be biomagnified in food chains, yet it may
accumulate in plants (e.g., fungi, mosses, lichens, vascular plants,
freshwater algae) and animals (e.g., earthworms, millipedes, woodlice,
terrestrial birds and mammals, freshwater invertebrates, and fish). In
aquatic organisms, lead concentrations are usually highest in benthic
organisms and algae, and lowest in upper-trophic-level predators (e.g.,
carnivorous fish). High bioconcentration factors (BCFs) were determined
in studies using oysters (6,600 for Crassostrea virginica), freshwater
algae (92,000 for Senenastrum capricornutum), and marine algae (13,000-
82,000 in various species found in Raritan Bay, New Jersey).

In water, tetraethyl and tetramethyl lead are susceptible to
significant hydrolysis, with the rate of degradation accelerated by
seavater. Removal of tetraalkyl lead compounds from seawater occurs at
rates that provide half-lives measurable in days (DeJonghe and Adams
1986). Degradation proceeds from trialkyl lead to dialkyl lead to
inorganic lead; in seawater, the initial degradation product is trialkyl
chloride. Tetraethyl and tetramethyl lead are also susceptible to
significant photolytic decomposition in water. Photolysis of tetraethyl
lead can produce triethyl lead, which may be more persistent in the
environment than tetraethyl lead. In aqusous solution, tetraethyl and
tetramethyl lead can be adsorbed by suspended particulate matter and
sediment, which may extend the length of their persistence in water.
Bioaccumulation of tetraethyl lead in aquatic organisms has been
demonstrated (EPA 1985a).

6.3.3 8oil

The accumulation of lead in most soils is primarily a function of
the rate of deposition from the atmosphere. Most lead is retained
strongly in soil, and very little is transported into surface water or
groundwater (EPA 1986a, NSF 1977). The fate of lead in soil is affected
by the specific or exchange adsorption at mineral interfaces, the
precipitation of sparingly soluble solid phases, and the formation of
relatively stable organic-metal complexes or chelates with soil organic
matter. These processes are dependent on such factors as soil pH,
organic content of soil, the presence of inorganic colloids and iron
oxides, ion-exchange characteristics, and the amount of lead in soil
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(NSF 1977). There is evidence that atmospheric lead enters the soil as
lead sulfate, or it is converted rapidly to lead sulfate at the soil
surface. Lead sulfate is relatively soluble, and thus could leach
through soil if it were not transformed. In soils with pH of 25 and with
at least 5% organic content, atmospheric lead is retained in the upper

2 to 5 ca of undisturbed soil. Because many plants commonly take up lead
from soil, unless plants are harvested or removed, lead may eventually
be returned to soil when these plants decay (EPA 1986a).

Lead has a high degree of immobility in most soils (NSF 1977).
However, mobilization of lead from soil may occur as a result of runoff
of lead-bearing soil particles to surface waters during heavy rain. The
mobilization of lead from soil to the atmosphere may also occur by
downwind transport of smaller surfacial lead-containing soil particles
entrained in the prevailing wind (NSF 1977). This process may be
important in contributing to the atmospheric burden of lead around some
lead-smelting and Superfund (NPL) sites that contain elevated levels of
lead in soil. The downward movement of lead from soil by leaching is
very slov under most natural conditions (NSF 1977). The conditions that
will induce leaching are the presence of lead in soil at concentrations
that either approach or exceed the sorption capacity of the soil, the
presence of materials in soil that are capable of forming soluble
chelates with lead, and a decrease in the pH of the leaching solution
(for example, acid rain) (NSF 1977). Partial favorable conditions for
leaching may be present in some soils near lead-smelting and Superfund
sites.

Limited data indicate that tetraethyl and tetramethyl lead are
converted into water soluble lead compounds in soil. Although tetraethyl
and tetramethyl lead are not expected to leach significantly through
soil, their vater soluble metabolites may be subject to leaching (EPA
1985a).
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7. POTENTIAL FOR HUMAN EXPOSURE

7.1 OVERVIEW

Lead is a naturally occurring element which is dispersed throughout
the environment primarily as the result of anthropogenic activities.
Environmental fate processes may transform one lead compound to another;
however, lead itself i{s not degraded and is still available for human
exposure.

The general population is exposed to lead in ambient air, in many
foods, in drinking water, and in dust. Segments of the general
population at highest risk of health effects from lead exposure are
preschool-age children, pregnant women and their fetuses, and white
males between 40 and 59 years of age. Within these groups, relationships
have been established between lead exposure and adverse health effects.

The average baseline intake of lead for 1982-83 by 2-year-old
children, adult females, and adult males has been estimated to be 46.6,
37.5, and 50.7 ug/day, respectively. These baseline values (described in
detail in Tables 7.1 and 7.2) reflect minimum levels of exposure during
normal daily living and are based on individuals who live and work in a
nonurban environment, eat a normal diet of food taken from a typical
grocery shelf, engage in normal mouthing behavior (in the case of
children), and have no habits or activities that would tend to increase
lead exposure. Additional exposure above baseline levels is common. Some
of the more important additional lead exposures occur due to residence
in an urban environment, residence near stationary sources (e.g.,
smelters), consumption of produce from family gardens, renovation of
homes containing lead-based paint, pica (an abnormal eating habit),
interior lead paint dust, occupational exposure, secondary occupational
exposure, smoking, and wine consumption. Higher than normal exposures
may also occur to residents living in close proximity to Superfund (NPL)
sites that contain elevated levels of lead. At this time, lead and lead
compounds have been found at 635 out of 1,177 sites on the National
Priorities list of hazardous waste sites in the United States. As more
sites are evaluated by the Environmental Protection Agency (EPA), this
nunber may change. The occurrence of these sites is shown in Fig. 7.1
(View 1989). The highest and most prolonged lead exposures are found
among workers in the lead-smelting, refining, and manufacturing
industries. :

7.2 LEVELS MONITORED IN THE ENVIRONMENT

7.2.1 Air

Lead levels in the ambient air have been monitored in a number of
remote, urban, and nonurban areas of the United States and the world



Table 7.1. Summary of base-line bumes expesures ¢o lond (ng/day)

Soil
Total lead Natural lead Indirect Direct Lead from solder Lead of
Source consumed  comsumed  atmospheric lead®  atmospheric lead®  or other metals  undetermined origin
Child, 2 years old
Inhaled sir 0.5 0.001 0.5
Food, water, and
beverages 2.1 0.71 L7 103 11.2 1.2
Dust 210 0.6 _1%0 - _14
Total 46.6 1.3 1.7 298 11.2 2.6
Perceat 100% 2.8% 31.5% 64.0% 24.0% 5.6%
Adult female
Inbaled air 1.0 0.002 1.0
Food, water, aad
beverages 320 091 24 126 8.2 1.5
Dust 45 0.2 29 - 14
Total 315 1.2 25 17.4 13.5 29
Percent 100% 3.1% 6.6% 46.5% 36.1% 71.8%
Adult male
Inbaled air 1.0 0.002 1.0
Food, water, and
beverages 43.2 1.42 3s 193 189 22
Dust 4.5 0.2 2.9 1.4
Total 50.7 1.6 3s 23.2 18.9 kX
Perceat 100% 1% 6.8% 45.8% 31.2% 7.0%

“Indiroct stmospheric lead has boen previously incorporated into soil and will probably remain in the s0il for decades or longer.
Direct atmospheric lead has boca deposited on the surfaces of vegetation and living arcas or incorporated during food processing prior to
humas coasumption.

Source: EPA 1986a.
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Table 7.2. Summary of potsntial additive exposures to

load (ug/day)
Total lead  Atmospheric  Other lead
Exposure consumed lead consumed sources
Child
Base-line exposure
Inhaled air 0.5 0.5
Food, water, and beverages 25.1 10.3 14.8
Dust 21.0 19.0 20
Total base line 46.6 298 16.8
Additional exposure
Urban a o 91 9
Family gardens . 43 12 36
Interior lead paint' 110 110
Residence near smelter” 880 880
secondary occupational’ 150
Adult male
Base-line cxposure
Inhaled air 1.0 1.0
Food, water, and beverages’ 452 19.3 259
Dust 4.3 29 1.6
Total base line’ 50.7 232 7.8
Additiooal exposure
Urban ‘ 28 2
Family gardens 120 30 90
Laterioe lead paint® 17
Rm neu smelter” 100 100
: 1,100 1,100
ocwpt “
k) 7 3
Wine mmpdon 100 ? ?

'wumm&*umnﬂ)m:umm(xm
u/')udinhahdnir(o.ﬂ ng/m

Assumes soil lead conceatratioa of 2,000 ug/g; all fresh leafy and root
vegetables, and sweet corn replaced by produce from garden. Also sssumes
25% of s0il lead is of atmospheric origis.

“Assumes housshold dust rises from 300-2,000 ug/g. Dust consumption

the same as base line,
mwmwmwmq«nu/g
household dust increases to 2,400 ug/s.

Valnes modified to reflect data presented in Table 7.1 and/or conclu-
dnupnmddmmunchAlM

'm&hmnlouu/n a’Mdﬁanfydrup&amn
lm.u Ie.d/m3 and occupational dusts at 100,000 ug/m".

Onendahdfpwbp«dn

Amnnmaﬂyhubmmpthndll./dny

Source: EPA 1986a.
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(EPA 1986a). Air lead concentrations vary widely but usually decrease
with vertical and horizontal distance from emission sources; they are
generally 0.3 to 0.8 times lower 1ndoors than outdoors. Levels of lead
in ambient air range from 0.000076 pg/n in remote areas to >10 pg/m
near stationary sources such as smelters. Unusually high levels may be
found in areas of high traffic density and in confined places, such as
parking garages and tunnels, where auto exhaust is found. Monitoring
data from a composite of 147 sampling sites throughout the United States
indicate that the maximum quarterly average lead level in urban air
during 1984 was 0.36 yg/m Because consumption of leaded gasoline has
been reduced drastically in recent years (an estimated 95% between 1984
and 1987), the current atmospheric concentrations of lead in urban areas
without point source contributions are probably significantly lower than
levels indicated by the monitoring data in EPA (1986a).

As Indicated in Tables 7.1 and 7.2, the baseline value for daily
intake of lead during 1982-83 by inhalation has been estimated to be
0.5 ug/day for a 2-year-old child and 1.0 ug/day for adults. The
base-line estimate for adults assumes a 2-h/day exposure to an outside
lead concentration of 0. 75 pg/n3 a 20-h/day exposure to an indoor lead
concentration of 0.6 pg/m a 2-h/day exposure to 5 yg/m in hi§h
traffic, and an average daily intake of air by an adult of 20 m” (EPA
1986a).

Drastic reductions in the lead content of gasoline since 1982-83
have resulted in a notable decrease in lead emissions to the atmosphere.
As a result, the current baseline level of lead intake by inhalation is
thought to be markedly lower than 1982-83 levels.

7.2.2 Vater

Lead has been monitored in surface water, groundwater, and drinking
water, and in sediments throughout the United States and the world. The
concentration of lead in surface water is highly variable depending upon
sources of pollution, lead content of sediments, and characteristics of
the system (pH, temperature, etc). Levels of lead in surface waters
throughout the United States typically range between 5 and 30 ug/L,
although levels as high as 890 ug/L have been measured (EPA 1986a).
Levels of lead in seawater are ~0.005 ug/L (Perwak et al. 1982). Lead
concentrations in surface water are higher in urban areas than those in
rural areas (Perwak et al. 1982). Sediments contain considerably higher
levels of lead than corresponding surface waters. The average lead
content of river sediments is estimated to be ~20 mg/kg, while the
average level in coastal sediments is ~100 mg/kg (Perwak et al. 1982).
The typical concentration of lead in groundwater has been found to range
between 1 and 100 ug/L (EPA 1986a).

EPA (1988b) estimated that 99% of the 219 million people in the
United States using public water supplies are exposed to distributed
water with levels of lead <0.005 mg/L, and about ~2 million people are
served by distributed water with levels of lead >0.005 mg/L.
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Lead levels ranging between 0.(. mg/L and 0.03 mg/L on average can
be found in households, schools, and office building drinking water due
to plumbing corrosion and subsequent leaching of lead. The combination
of corrosive water and lead pipes or lead soldered joints in the
distribution system or houses can create localized zones of high lead
concentrations >0.50 mg/L (EPA 1989b).

7.2.3 Soil

The lead content of soil derived from crustal rock typically ranges
from <10 to 30 ug Pb/g soil. However, the concentration of lead in the
top layers of soil varies widely due to deposition and accumulation of
atmospheric dust from anthropogenic sources. The concentration of soil
lead generally decreases as distance from contaminating sources
increases. Next to roadways it is estimated that the levels of lead in
soll are typically 30-2,000 ug/g higher than natural levels, while soils
adjacent to roads that been traveled since 1930 have been enriched by as
much as 10,000 ug/g (EPA 1986a). Soils adjacent to houses with exterior
lead-based paints may have lead levels of >10,000 ug/g (EPA 1986a). In
urban areas and in sites adjacent to smelters, lead levels ranging from
10 to 60,000 ug/g soil have been measured in the upper layer of soil
(EPA 1986a).

Results of studies carried out in Baltimore, Maryland, and in
Minnesota indicate that within large light-industrial urban settings,
the highest soil lead levels generally occur in inner-city areas,
especially where high traffic flows have long prevailed (Mielke et al.
1983, 1984, 1985, in press 1989). Median soil lead levels found during
the Minnesota study ranged from 20 to 700 ug/g soil. Levels varied
depending upon the location (foundation, yard, street side) where the
soil samples were collected (Mielke et al. in press 1989),

7.2.4 Other

Typical concentrations of lead in various foods are: dairy
products, 0.003 to 0.083 ug/g: meat, fish, and poultry, 0.002 to
0.159 ug/g; grain and cereal products, 0,002 to 0.136 ug/g; leafy
vegetables, 0.011 to 0.649 ug/g; fruits, 0.006 to 0.223 ug/g; oils,
fats, and shortenings, 0.002 to 0.028 ug/g; sugar and adjuncts, 0.006 to
0.073 ug/g; beverages, 0.002 to 0.041 wg/L (EPA 1986a). Canning foods in
lead-soldered cans can increase levels of lead eight- to tenfold;
however, the impact of canning appears to be decreasing since thers has
been a decrease in the use of lead-soldered cans. Based on recently
published data provided by the Food and Drug Administration (FDA), the
following are the baseline values for average daily intake of lead by
consumption of food, water, and beverages: 25.1 ug/day for 2-year-old
children; 32.0 ug/day for adult males; and 45.2 ug/day for adult females
(sse Tables 7.1 and 7.2). As a result of the decrease in the use of
lead-soldered food cans, the current baseline intake of lead by
consumption of food, water, and beverages is probably lower than these
estimates. Additional exposure to lead through dietary intake by people
living in an urban environment is estimated to be ~28 ug/day for adults
and 91 ug/day for children, all of which can be attributed to
atmospheric lead (dust). Atmospheric lead may be added to food crops in
the field or garden (through uptake from soil and from direct deposition
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onto crops); during transport to market, during processing, and during
kitchen preparation (EPA 1986a).

Another source of dietary lead is the use of inadequately glazed
earthenware vessels for food storage and cooking. Because of the number
of incidences of lead poisoning that have resulted from the use of
earthenware vessels, the U.S. Food and Drug Administration (FDA) has
established a limit for the allowable amount of leachable lead in
earthenware vessels. However, inadequately glazed pottery manufactured
in other countries continues to pose & significant health hazard.
Likewise, homemade or craft pottery and procelain-glazed vessels have
been found to release large quantities of lead, particularly if the
glaze is chipped, cracked, or improperly applied. In addition, glaze on
vessels that are repeatedly washed may deteriorate, and a vessel that
previously met FDA standards may become unsafe (CDC 1985, EPA 1986a).

The lead content of dusts can be a significant source of exposure,
particularly for young children. Base-line estimates of potential human
exposure to dusts including intake due to normal hand-to-mouth activity
are provided in Table 7.3. As indicated in Table 7.3, 45% of the
baseline consumption of lead by children is estimated to result from the
consumption of 0.1 g of dust/day. It is believed that ingestion of dust
by children most commonly occurs as the result of mouthing hands, toys,
and food that have come into contact with lead-containing surface dust,
and less commonly by deliberate ingestion of soil (Bornschein et al.
1986). In estimating the baseline exposure to lead, it was assumed that,
due o normal hand-to-mouth activity, children ingest 5 times as much
dust as adults, with most of the excess coming from dusts from sidewalks
and playgrounds (EPA 1986a).

Flaking paint, paint chips, and weathered powdered paint, which are
most commonly associated with deteriorated housing stock in urban areas,
are major sources of lead exposure for young children residing in these
houses, particularly for children with pica (i{i.e., the compulsive,
habitual consumption of nonfood items) (Bornschein et al. 1986, EPA
1986a). Lead concentrations of 1,000 to 5,000 pg/cnz have been found in
chips of lead-based paint pigments, suggesting that consumption of a
single chip of paint would provide greater short-term exposure than any
other source of lead (EPA 1986a). It is estimated that between 40 and
508 of currently occupied housing in the United States may contain
lead-based paint on exposed surfaces (Chisolm 1986).

In an attempt to reduce the amount of exposure due to deteriorating
leaded paint, paint is commonly removed from homes by burning (gas torch
or hot air gun), scraping, or sanding. These activities have been found
to result, at least temporarily, in higher levels of exposure for
families residing in these homes. In addition, those individuals
involved in the paint removal process (i.e., do-it-yourself renovators
and professional deleaders) can be exposed to such excessive levels that
lead poisoning may occur (Rabinowitz et al. 1985, Fischbein et al. 1981,
Chisolm 1986, Feldman 1978).

Lead is also present in cigarette smoke at a concentration that
corresponds to ~2.5 to 12.2 ug/cigarette; ~2 to 6% of this lead may be
inhaled by the smoker (EPA 1986a).
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Tabis 7.3. Curvent base-lins estimates of potantial buman expesure to dusts

Source of lead
Dust load Dust lead
comcestration Duwst ingested ocomsumed Natural Atmospheric  Usdetermised
(ng/8) (g/day) (ng/day) (ng/day)  (ng/day) (ng/day)

Chid

Housshold dust 300 0.08 15 0s 145 0.0

Strest dust ) 0.04 4.5 0.0 4.5 0.0

Occupstioasl dust 150 201 —L3 o1 00 i
Total Q.10 210 0.6 19.0 1.4
Perceat 100% 28% 90.5% 6.7%
Adult

Housshold dust 300 ol 3 0.1 29 0.0

Strest dust 90 0.0 0 0.0 0.0 0.0

Occupational dust 150 201 i ol 29 14
Total 0.02 4.5 0.2 19 1.4
Percest 100% 4.5% 64.4% LIS
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Cases of lead poisoning have been related to less common sources of
exposure including the sniffing of gasoline vapors, consumption of
illicit "moonshine” whiskey, and use of lead ammunition. Chronic
gasoline sniffing has been recognized as a problem habit among children
in rural and remote areas. When such practices involve leaded gasoline,
the potential for lead intoxication exists. Illicit "moonshine" whiskey
made in stills composed of lead-soldered parts (e.g., truck radiators)
contains variable levels of lead. Moonshine has been found to contain up
to 74 mg/L of lead. Use of lead ammunition may result in exposure to
lead dust generated during gun or rifle discharge, lead pellets ingested
or embedded in animals that are used as food sources, and lead pellets
embedded in humans as a result of shooting accidents (EPA 1986a, Johnson
and Mason 1984).

7.3 OCCUPATIONAL EXPOSURES

The National Institute for Occupational Safety and Health (NIOSH)
has estimated that >1 million American workers are occupationally
exposed to inorganic lead in >100 occupations (NIOSH 1977h, 1978b). The
highest and most prolonged lead exposures are found among workers in the
lead smelting, refining, and manufacturing industries. In work areas,
the major routes of lead exposure are Inhalation and ingestion of lead-
bearing dusts and fumes. Airborme dusts settle onto food, water,
clothing, and other objects, and may subsequently be transferred to the
mouth. Therefore, good housekeeping and good ventilation have a major
impact on the extent of exposure. While occupational exposure is
widespread, environmental monitoring data on levels of exposure in many
occupations are not available. This is partly because lead exposure is
frequently monitored by biological testing (e.g., determination of
urinary lead levels, blood lead levels, urinary coproporphyrin levels,
or delta-aminolevulinic acid levels) rather than monitoring the
workplace environment for lead concentrations (NIOSH 1978b, EPA 1986a).

Potentially high levels of lead may occur occupationally, as
follows: in lead smelting and refining industries, battery manufacturing
plants, steel welding or cutting operations, construction, rubber
products and plastics industries, printing industries, firing ranges,
radiator repair shops and other industries requiring flame soldering of
lead solder, and gas stations (EPA 1986a, Feldman 1978, Goldman et al.
1987, NIOSH 1978b). Workers involved in the production of gasoline
additives, tetraethyl lead and tetramethyl lead, are exposed to both
inorganic lead and lead alkyls. The major potential hazard to these
workers appears to be from dermal exposure (EPA 1986a).

Secondary occupational exposure may occur among families of workers
who inadvertently bring home lead dusts on clothing worn at work. Blood
lead levels have been found to be markedly higher in household members
residing in homes of occupationally exposed workers compared to members
of homes of people not occupationally exposed (EPA 1986a, Grandjean and
Bach 1986).
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7.4 POPULATIONS AT RISK

As discussed by EPA (1986a), at least three groups of populations
at risk can be identified: preschool-age children, fetusus, and white
males between 40 and 59 years of age.

Young children are inherently more susceptible to the effects of
lead because of the greater intake of lead by infants and young children
in the respiratory and gastrointestinal tracts on a body-weight basis
compared with adults; the greater absorption and retention rates of lead
in children; a greater prevalence of nutrient deficiency, which can
affect gastrointestinal lead absorption; normal hand-to-mouth activity
and pica; differences in the efficiency of lead sequestration in bone;
and incomplete development of the blood-brain barrier increasing the
risk of entry of lead into the nervous system (EPA 1986a).

The American Academy of Pediatrics (1987) has concluded that lead
continues to be a significant hazard to the health of children {n the
United States because most children in this country are exposed to lead
due to contamination of air, dust, and soll through combustion of leaded
gasoline. In addition, many children are at risk for ingestion of lead-
based paint and of soil and dust contaminated through the deterioration
of lead-based paint.

Fetuses are at even greater risk. As discussed in Sect. 4.2.2 on
distribution and body burden in the Toxicological data section, lead can
readily cross the placental barrier; therefore, exposure of women to
lead during pregnancy results in uptake by the fetus. Furthermore, since
the physiological stress of pregnancy may result in mobilization of lead
from maternal bone, fetal uptake of lead can occur from a mother who was
exposed to lead before pregnancy, even if no lead exposure occurs during
pregnancy. Prenatal exposure may be related to postnatal mental
retardation, impaired postnatal neurobehavioral development, and reduced
birth weight and gestational age (EPA 1986a).

Increased blood pressure is associated with blood lead concentra-
tions possibly as low as 7 ug/dL. It appears that this relationship is
particularly significant for middle-aged white males (aged 40 to 59)
(EPA 1986a).
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8. ARALYTICAL METHODS

Because lead is ubiquitous in the environment and in human tissues,
and because it is one of the earliest identified toxic elements known to
man, there are a vast number of analytical methods available for the
analysis of lead in both environmental and biological media. The popular
methods of the past (e.g., colorimetric methods) are rarely used now
because of inadequate sensitivity, lack of reliability, and
unsatisfactory turnaround time. The methods most commonly used today are
electrothermal atomic absorption spectrometry (EAAS), anode stripping
voltammetry (ASV), iIinductively coupled plasma-atomic emission
spectroscopy (ICP-AES), and X-ray fluorescence spectroscopy (XRF). With
the availability of commercial autosamplers, the reproducibility of EAAS
has been greatly improved. According to Grandjean and Olsen (1984), EAAS
and ASV are the methods of choice for the analysis of lead. Other
specialized methods for lead analysis are proton-induced X-ray emission
(PIXE), fast neutron activation analysis (FNAA), mass spectrometry (MS),
and microwave plasma detection (MPD) (Berg and Jonsson 1984, Grandjean
and Olsen 1984). The most reliable method for the determination of lead
at low concentrations is isotoplc dilution mass spectrometry (IDMS) (EPA
1986a, Grandjean and Olsen 1984), but few laboratories require such
sophisticated methods for the routine analysis of lead.

Results of lead analyses from numerous laboratories often do not
agree (Fell 1984). Certified standard reference materials (SRMs) are
required for monitoring the accuracy of lead analysis. A few SRMs, e.g.,
orchard leaves and bovine liver, are available from the National Bureau
of Standards (NBS). A certified porcine blood (SRM 955) has recently
been made available by NBS. Certified blood samples are also available
from a few commercial facilities (EPA 1986a). The most comprehensive
proficiency testing program for lead analysis is being carried out by
the CDC of the U.S. Public Health Service (EPA 1986a, Grandjean and
Olsen 1984). Currently the testing is being conducted by the American
Association of Clinical Chemists, the American Association of
Bioanalysts, and a few states, including California.

8.1 ENVIRONMENTAL MEDIA

The sampling, storage, and sample handling prior to sample analysis
require a rigorous quality assurance program in order to ensure the
validity of reported results. The details of methods of sampling,
storage, sample handling, and analysis of lead in different
environmental media are given by EPA (1986a). The methods for particle
8izing of atmospheric lead, sampling methods for lead in dry deposition,
stationary, and mobile sources are also given by EPA (1986a). In
determining the lead concentrations in the atmosphere, a distinction
between the concentration of lead in the particulate and gaseous forums
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is often necessary. Details of sampling, storage, and analytical methods
for organolead compounds and the analytical methods for the
differentiation of various species of organoleads are reported in
DeJonghe and Adams (1986), Berg and Jonsson (1984), and EPA (1986a).
Duggan and Inskip (1985) discuss lead sampling and analysis in soils and
dusts. In determining lead concentrations in aquatic media, a
distinction between dissolved and particulate lead {s often required.
Details of such methods are available {in EPA (1986a). A brief
description of the commonly used methods for the determination of lead
in different environmental media is given in Table 8.1.

8.2 BIOLOGICAL SAMPLES

The detailed methods for sampling, storage, sample handling, and
analysis of lead in biological media are provided by EPA (1986a) and
Grandjean and Olsen (1984). Some of the common methods for lead
quantitation in biological media are listed in Table 8.1,

Analyses of lead concentration in blood, urine, and bone have been
used as an indication of exposure to lead. Measurement of lead in blood
is the most common method of assessing exposure. The ACGIH (American
Conference of Governmental Industrial Hygienists) has recommended a
Biological Exposure Index (BEI) for lead of 50 ug/100 mL in blood and
150 ug/g creatinine in urine. For the implementation of BEI, ACGIH
recommends quantification of blood lead by the flameless atomic
absorption method. In the case of urine, chelation, solvent extraction,
followed by atomic absorption for quantification, is the recommended
method. If the recommended BEIs are exceeded repetitively, lead
poisoning is likely to develop. The BEIs are not protective of fetuses
or of children (ACGI 1986).

As seen from Table 8.1, the limit of detection of lead in blood is
3 to 5 ug/dL, although the detection limit can be lowered with less
common methods, such as differential pulse anode stripping voltammetry.
The lead level in urine is of questionable value as an indicator of
exposure because of the lack of correlation between urinary lead levels
and CNS effects and the low variable lead excretion in urine (Jensen
1984). The determination of urinary chelatable lead (with calcium
disodium EDTA), although cumbersome and perhaps unsafe (Cory-Slechta et
al. 1987), may be a good indicator of lead stored in body tissues (Janin
et al. 1985, Ibels and Pollock 1986); however, this method ignores the
relatively inaccessible lead stored in bone and does not account for the
impact of a recent large exposure that may not yet have reached
equilibrium with the fixed organ soft tissue compartments. A noninvasive
method using X-ray fluorescence can be used for the determination of
lead concentration in bones, and the method has been reported to be a
better indicdator of stored lead in body tissue (Ahlgren et al. 1976,
Bloch et al. 1976, Rosen et al. 1987). Even at the present time, the
matrix blood is used widely as an indicator of lead toxicity (Ibels and
Pollock 1986).

In addition to the chemical methods, a number of biochemical assays
are available for the assessment of lead toxicity in the human body.
Details of such assays are reported in Grandjean and Olsen (1984),
Stokinger (1981), and EPA (1986a). The commonly used assays are urinary
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coproporphyrin and delta-aminolevulinic acid (AlA), plasma delta-
aminolevulinic acid, 3',5'-nucleotidase activity, delta-aminolevulinic
dehydrase (ALA-D), and erythrocyte porphyrin (EP) either in the free
form (FEP) or as zinc protoporphyrin (ZPP). The ALA-D and the FEP (or
ZPP) methods appear to be most sensitive. The spectrofluorometric
methods for the determination of FEP and ZPP are given in EPA (1986a).
Other biological assays that have been used as indicators of lead
exposure are serun immunoglobulins and salivary IgA (Ewers et al. 1982);
however, not all the biological assays are specific for lead (Grandjean
and Olsen 1984). Discussions of the correlation between lead exposure
and data from human biomonitoring can be found in Sect. 2.3.3.2 on
adequacy of the database in the Health effects summary section.



Table 8.1. Asalytical metheds for dotermining lond concentrations

Accuracy/

Samplo matrix Samplo preparation Analytical mothod” Detectioa Limit % recovery Refereaces
Occupational air Particulate matter collected EAAS (NIOSH mothod <002 mg/m® for  NR® NIOSH 1977a
(particalate lead) oa mombrase filter wet PACAM 214) S L air

ashed; aliquots iatrodeced
in graphite farsace
Particulate matter collected ASV with mercury- 0.16 ug/m’ for NR NIOSH 1977b
on membrane filter wot graphite electrode 100 L air
ashed; buffered solution (NIOSH method 7082)
analyzed
Particulate matter collected AAS flame (NIOSH 2.6 ug/sample 100 NIOSH 1977cd
oa membrane filter wet mothod S341 and
sshed and sspirated isto AA P&CAM 173)
uait
Particulate matter collected ICP/AES (NIOSH <5 ug/m> for 95-105 at 5 ug/m® NIOSH 1984
on cellulose acetate filter mothod PACAM 351) 500 L air 10 2 mg/m’
wet ashed and ssbulized
for analynis
Occupatioaal air Particulate filtored sample GC/PID (NIOSH 40 ug/m>3 (MoPb) 99 NIOSH 1978a
(tetrnothyl and adsorbed on XAD-2, desorbed method S383 and 45 ug/m’ (BLPB)Y  94.5
tetramethyl lead) by solvent extraction S3s4)
Ambicat air (partic- Particalate matter collected AAS (particulate) 0.10 ug/m’ 93 EPA 1986a,
ulato and gasoows load)  om glass fiber filter; EAAS (gascous) 0.25 og/m’ 97-99 (gascous) Scott ot al.
filtered gases passed through 1976, Birch
lodine monochloride bubblers; ot al. 1980
perticulate mattor wet ashed;
bubbler solutioa converted
to dithiszome complex is
presonce of EDTA-salts and ex-
tracted with OCY,
Particelate matter collected oo XRF (particulate) 0.3 pg/m’ 46->90 DeJoaghe ot al.
aucieopore filters; GC/EAAS (gaseous) 0.2 u/m’ 90-100 1981
filtered gases cryogeaically
trappod and thermally desorbed

1

§ uorioes



Tabis 8.1 (continmed)

Aoccuracy/

Sampie matrix Sampie preparation Aanalytical method Detoctioa limit % recovery References
Sodl, wastes, and Sample acid digested, diluted AAS with back- 0.1 mg/L¢ NR EPA 1982a
groundwater with water, and filtored grouad correction

(EPA mothod 7420)

EAAS with back- 1 ng/L¢ NR
ground correction

(EPA mothod 7421)

Milk 50 uL (C;H;)¢NOH in EBAAS NR NR Michacison and
othanol added to 25 sl Saverboff 1974
milk, hoated, aad diluted
with water t0 125 uL

Mussel, shrimp, and Sample purged at 100°C, sorbed in GC/AAS 0.1 ng/s NR Chau et al.

plaice trap, aad thermally desorbed 1980
(tetraalkyl load)

Agricultural crops Sampie dry ashed with H,SO, DPASV 2ng/g 85-106 Satzger et al.
aad HNO; and dilsted with 1982
water

Blood (wholc) Sample wet ashed with acid ASV with mercury- 0.04 mg/L 95-105 NIOSH 1977
mixtures; residue dissolved graphite electrode
in dilute HCIO, (NIOSH method

P&CAM 193)
Sample wet ashed with HNO;; EAAS (NIOSH mothod 0.1 mg/L NR NIOSH 19772
residue dissolved in P&CAM 214) for 1 mL sample
dilate HNO;

Blood and urine Sample wet ashed with HNO;, AAS (NIOSH method 50 ug/L (blood) 99 (blood) NIOSH 1977
chelated with APDC’, and ex- P&CAM 262) 10 xg/L (urine) NR (urine)
tracted with MIBK:

Samplo wet ashod with HNO;, Spectrophotometry 30 ug/L (blood) 97 NIOSH 1977g
complexed with diphenyithio- (NIOSH method 12 ug/L (urine) 97

carbazone, and extracted with P&CAM 102)

chioroform

spoyiey T®oT734LTBUY

71



Table 8.1 (continned)
Accuracy/

Sample matrix Sample preparsation Asalytical method Detection limit % recovery Refereaccs
Ambicnt air Sorbed on cooled XAD-4 and HRGC/MS NR NR DeJoaghe and
(organciead) thermal desorptioa Adams 1986,

Berg and
Johnssoa 1984
Water and wastowater  Filtored through a 0.45-um AAS (EPA method 0.1 mg/L 99.8-125.7 EPA 1983
membrase filter (dissclved 239.1)
load); filtered matorial BAAS (EPA method 1 ug/L 88-95
dissolved by wet ashiag (in- 239.2)
soluble lead)
Filtered through 8 0.45-um ICP-AES (EPA 42 4g/L 94-125 EPA 1983
mombrase filier (dissclved mothod 200.7)
load); filtered material
dissclved by wet ashiag (in-
soluble lead)
Water Sample collected oa chelating XRF NR NR IARC 1980
resia (Chelex-100) filter and
irrediated (dissolved lead)
Scawater Filtered water collected oa ICP-AES 1 xg/L NR IARC 1980
cholsting resia and oluted
with acid (dissolved load)
Water Sample extracted with hexanc GC/AAS 0.5 xg/L 8890 Chau o al.
(tetraalkyl load) 1979
Sample complexed with diethyl- GC/AAS ~1 ng/L 90-108 Chakruborti
dithiocarbamate, extracted ot al 1984
with peatase, dried, and butylated
(ioaic alkyl lead)
Sail Sample dried, dry ashed, AAS 2 mg/kg 79-103 Beyer and
digested with acid, aad diluted Cromartic 1987
with water

ARt
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Table 8.1 (comthoned)

Accuracy/

Sample matrix Sampie preparation Aanalytical method Detoction limit % recovery References
Blood and urine Sample hemolyzed (not required AAS (NIOSH method 0.05 ug/g (blood) 95-105 (blood) NIOSH 1977b
for wrine), complexed with P&CAM 208) 0.05 ug/mL (urine) NR (urine)

APDC, and extracted with MIBK
Urise ‘ Sample wet ashed with acid ASV with mercury- 4 ug/L for | mL 90-110 NIOSH 1977
mixture and dissolved ia dilute graphite electrode sample
HCQO, (NIOSH method
P&CAM 200)
Blood and urine 206pt added and sample acid MS NR 98-99 Manton and Cook
digested; lead coprecipi- 1984
tated by addition of Ba(NO;),,
followed by electrodoposition
oo platinum wire
Serum and cerebro- 205py, added and sample acid MS NR 80-120 Manton and Cook
spinal fluid digested; lead separated by 1984
ion-exchange, eluted, and
deposited oato platinum wire
Hair Sampie ultrasonically clcased BAAS with back- NR NR Bonithon-Kopp
with acetone and detergent ground correction et al. 1986
(1% Triton X-100) and wet ashed
with HNO,
Sample cleaned with hexane, ICP-AES NR NR Thatcher ct al.
ethanol, and water and wet 1982
ashed with HNO; and H;0,
Toeth Sample dry ashed, then wet AAS with back- NR 90110 (estimated)  Stecnbout and
ashed with HNO, grouad correction Pourtots 1981
Booe Partially polarized photoa XRF ~2 ug/s NR Rosen et al.
directed at anteromedial 1987
skin surfaco of mid-tibia
(non-invasive technique)

spoylep T®OT3ILTRUY

JA/AN



Accurscy /
Sampio matrix Samgple preparatioa Asalytical method Detection limit % rocovery References

Spleca Samaple wet digested with HNO;- BAAS with back- NR NR Blakicy et al.
HQI04 mixture ground cosrection 1982

Liver and kidacy Sample wet digested with HNO,- EAAS with back- NR NR Blakley and
HCI04 mixture grouad correction Archer 1982

Tissues (brain, boart, Sampls dry sshed, then wet AAS with back- NR NR Exon et al.

tung, kidsoy, tiver, ashod with HNO, grouad correction 1979

and testos)

Braia Sample wet ashod with mixture ASV NR NR Jason and
of acids, mixed with Metex Kellogg 1981

change M, and analyzod

SEAAS = eloctrothermal stomic abeorptioa spectrometry; ASV = anode strippiag voltammetry; AAS = atomic absorption spectrometry; ICP/AES =

inductively coupled plasma/atomic emission spectroscopy; GC = gas chromatography; PID ~ photoioaization detector; XRF = X-ray fluorescence;

HR

= high resolutioa ges chromatography; MS = mass spectrometry, DPASY = differential pulse anodic stripping voltammetry.
NR = Not reported.

ot

s

‘The detection limits of these methods were determined with spiked distilled water.
DC = ammonium pyrrolidine dithiocarbamate.
MIBK = methyl isobutyl ketome.

A
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9. REGULATORY AND ADVISORY STATUS

9.1 INTERNATIONAL

The World Health Organization (WHO) has set the guideline value for
lead in drinking water at 0.05 mg/L (WHO 1984). In a recent draft report
on air quality guidelines, WHO identified 20 ug/dL as the blood lead
level of concern (WHO 1986).

9.2 NATIONAL
9.2.1 Regulations

9.2.1.1 Alr

EPA (1978) established national primary and secondary ambient air
quality standards for lead of 1.5 pg/n3, averaged over a calendar
quarter (EPA 1978). These standards are currently under review for
possible revision (EPA 1986a).

OSHA (1985) has set an action level of 30 pg/m3 and a permissible
exposure limit (PEL) of 50 ug/n3, averaged over an 8-h work period, for
employee exposure to airborne lead. For exposures >8 h, the maximum
permissible concentration is calculated by dividing 400 ug/m3 by the
hours of exposure.

9.2.1.2 WVater

EPA (1985b) has established a maximum contaminant level (MCL) for
lead of 0.05 mg/L as an interim regulation. EPA (1985b) proposed a
recommended maximum contaminant level (RMCL) of 0.02 mg/L. More
recently, EPA (1988b) proposed an MCLG of 0 mg/L based on the following
three factors: concern for effects in adults, children, and fetuses at
blood lead levels of 10-15 ug/dL or lower; the EPA policy goal that lead
contribution from drinking water to total exposure should be minimal
because a substantial portion of a sensitive population (children)
already has blood lead levels that exceed acceptable levels; and the EPA
classification of lead as a Group B2 carcinogen. In addition, EPA
(1988b) proposed new drinking water regulations as follows: (1) an MCL
for lead in drinking water entering the distribution system (after any
treatment) of 0.005 mg/L (5 ug/L), (2) an MCL for copper entering the
distribution system of 1.3 mg/L, (3) either a requirement to obtain and
implement a state-approved treatment plan to install optimal corrosion
control or a demonstration that the system meets the "no-action" level
for compliance with corrosion control (i.e., 95% of the samples at the
tap have pH 28 and copper levels 21.3 mg/L and that the arithmetic
average lead levels of the samples at the tap are 20.010 mg/L), and (4)
a public education program if the arithmetic average lead level of
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samples at the tap is >0.010 mg/L o. if lead levels in >5% of the
samples are >0.020 mg/L.

The Lead Contamination Control Act of 1988 mandates that the
Consumer Product Safety Commission require the repair or recall of
drinking water coolers containing lead in parts that come in contact
with drinking water, prohibit the sale of drinking water coolers that
are not lead-free, require that the states establish programs to assist
educational agencies in testing and remedying lead contamination of
drinking water in schools, require that the EPA certify testing
laboratories, and provide for coordination by the CDC of grants for
additional lead screening and referral programs for children and infants
(Congressional Record 1988a,b).

Lead is regulated by the Clean Water Act Effluent Guidelines for
the following industrial point sources: electroplating, organic
chemicals, inorganic chemicals, iron and steel manufacturing, nonferrous
metals manufacturing, steam electric, glass manufacturing, asbestos,
rubber, timber products processing, metal finishing, mineral mining, ore
mining, paving and roofing, paint formulating, ink formulating, gum and
wood, carbon black, battery manufacturing, metal molding and casting,
procelain enameling, copper forming, electrical and electronic
components, and nonferrous metal forming (EPA 1988c).

9.2.1.3 Other

EPA (1982b) designated lead and compounds (not otherwise
specified), lead acetate, lead phosphate, and lead subacetate as
hazardous constituents of solid waste,

Federal law [CERCLA 103(a) and (b)] requires that the National
Response Center be notified when there is a release of a hazardous
substance in excess of the reportable quantity (RQ). RQ values for lead
and lead components (EPA 1985c, 1986c) are as follows:

Compound RQ (1b)
Lead (metallic) (diameter <100 um) 1
Lead acetate (acetic acid, lead salt) 5,000
Lead arsenate 5,000
Lead chloride 100
Lead fluoroborate 100
Lead fluoride 100
Lead iodide 100
Lead nitrate 100
Lead phosphate 1
Lead stearate 5,000
Lead subacetate 1
Lead sulfate 100
Lead sulfide 5,000
Lead thiocyanate 100

Changes to the RQ values have been proposed for lead acetate, lead
arsenate, lead phosphate, and lead subacetate; the RQ for lead
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(metallic) is subject to change when the assessment of potential
carclnogenicity and/or chronic toxicity is completed (EPA 1987).

The Consumer Product Safety Commission (CPSC 1977) noted that paint
containing >0.5% lead and objects painted therewith had been banned
under the Federal Hazardous Substance Act, effective in 1972 (FDA 1972).
In 1977, the CPSC limited lead in most paints to 0.06%.

HUD has 1lssued regulations requiring testing for and elimination of
lead-based paint hazards in federally funded housing and housing
rehabilitation programs, public housing, and Indian housing (HUD
1987a,b, 1988a). In addition, Sect. 566 of the 1988 Housing and
Community Development Act directs HUD to carry out a lead abatement
demonstration program to compare the relative cost-effectiveness and
applicability of different methods to various types of housing (HUD
1988a). HUD (1988b) announced that the demonstration program was
expected to be completed by December 1989.

EPA (1982c¢) introduced a regulation limiting the level of lead in
leaded gasoline to 1.10 g/gallon as of November 1, 1982. The level of
lead in unleaded gasoline was restricted to 0.05 g/gallon (EPA 1982c).
EPA (1985d) subsequently reduced the level of lead permitted in leaded
gasoline to 0.1 g/gallon effective January 1, 1986. An interim limit of
0.5 g/gallon was to have become effective July 1, 1985.

9.2.2 Advisory Guidance

9.2.2.1 Air

NIOSH (1978b) ptoposed a revised criterion for inorganic lead in
air of 0.10 mg/n (100 pg/n ) as a TWA exposure for a 10-h workday. It
was recommended that air levels be maintained so that blood lead levels
not exceed 60 ug/100 g.

ACGIH (1987) recommended TWA-TLVs for lead and conpounds as
follows: inorganic lead, dust, and fumes, 0.15 ug/m (150 pg/n as
lead); lead arsenate, 0.15 m n3 (150 pg/n3 ags lead arsenate); lead
chromate, 0.05 mg/n (50 pg/m” as chromium).

9.2.2.2 Vater

EPA (1980) recommended an ambient water quality criterion for lead
(not otherwise specified) of 50 ug/L, the same as the current interim
MCL mentioned above.

9.2.2.3 Other

To reduce the environmental level of lead to which children are
exposed, CDC (1985) recommended that interior and exterior painted
surfaces be tested for surface lead concentration using portable X-ray
fluorescence. A four-step paint removal and replacement protocol was
recommended for surfaces with lead levels 20.7 ng/cmz. The CDC has also
recommended that screening for lead poisoning should be incorporated
into general pediatric health care programs, especially for children
between the ages of 6 months and 9 years. Screening should be conducted
for this age group at least once a year. Children having elevated blood
lead levels (25 pg/dL of whole blood or greater) and elevated EP levels
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(35 pg/DL of whole blood or greater) should be clinically elevated for
lead toxicity without delay.

9.2.3 Data Analysis

9.2.3.1 Reference doses (RfDs)

EPA has not derived a reference dose for oral exposure to lead.

9.2.3.2 Carcinogenic potency

Based on inadequate evidence for carcinogenicity to humans and
sufficient evidence for carcinogenicity to animals, IARC (1987)
classified lead and inorganic lead compounds in IARC Group 2B--possible
human carcinogen.

Similarly, based on inadequate evidence for carcinogenicity to
humans and sufficient evidence for carcinogenicity to animals, EPA
(1988a) assigned lead and (inorganic) lead compounds an EPA
classification of B2--probable human carcinogen. The EPA (1988a)
recommended that a numerical estimate of cancer potency or risk based on
animal dose-response data not be used because of the uncertainties, some
of which may be unique to lead, involved in such an extrapolation.
Current knowledge of the pharmacokinetics of lead indicates that an
estimate derived by standard methods would not adequately delineate the
potential risk (EPA 1988a).

9.3 STATE

Regulations and advisory guidance from the states were still being
compiled at the time of printing.



153

10. REFERENCES

ACGIH (American Conference of Governmental Industrial Hygienists). 1986.
Documentation of the Threshold Limit Values and Biological Exposure
Indicates. 5th ed. Cincinnati, Ohio: ACGIH, pp. BEI-19 to BEI-23.

ACGIH (American Conference of Governmental Industrial Hyglenists). 1987.
Threshold Limit Values and Biological Exposure Indices for 1987-1988.
Cincinnati, Ohio: ACGIH, p. 24.

* Adebonojo FO. 1974. Hematologic status of urban black children in
Philadelphia: Emphasis on the frequency of anemia and elevated blood
lead levels. Clin Pediatr 13:874-888.

Ahlberg J, Ramel C, Wachtmeister CA. 1972. Organolead compounds shown to
be genetically active. Ambio 1:29-31.

Ahlgren L, Liden S, Mattson, Tejning S. 1976. X-ray fluorescence.
analysis of lead in human skeleton in vivo. Scand J Work Environ Health:
2:82-86.

Alessio L, Bertazzi PA, Monelli O, Foa V. 1976. Free erythrocyte
protoporphyrin as an indicator of the biological effect of lead in adult
males. II. Comparison between free erythrocyte protoporphyrin and other
indicators of effect. Int Arch Occup Environ Health 37:89-105.

Alexander FW, Delves HT. 1981. Blood lead levels during pregnancy. Int
Arch Occup Environ Health 48:35-39.

Alfano DP, LeBoutillier JC, Petit TL. 1982. Hippocampal mossy fiber
pathway development in normal and postnatally lead-exposed rats. Exp
Neurol 75:308-319.

Alfano DP, Petit TL. 1982. Neonatal lead exposure alters the dendritic
development of hippocampal dentate granule cells. Exp Neurol 75:275-288.

Al-Hakkak ZSH, Hamamy HA, Murad AMB, Hussain AF. 1986. Chromosome
aberrations in workers at a storage battery plant in Iraq. Mutat Res
171:53-60.

* Key studies.



154 Section 10

Alvares AP, Kapelner S, Sassa S, Kappas A. 1975, Drug metabolism in
normal children, lead-poisomned children, and normal adults. Clin
Pharmacol Ther 17:179-183,

American Academy of Pediatrics. 1987. Statement on childhood lead
poisoning. Committee on Environmental Hazards/Committee on Accident and
Poison Prevention. Pediatrics 79:457-462.

Anca Z, Gabor S, Sureel D, Kovtas A, Papilian VV. 1982. Effect of lead
and cadmium on blotoxicological indicators in the white rat. Rev Ig
Bacteriol Virusol Parazitol Epidemiol Pneumoftiziol Ig 31:287 (cited in
Dhir et al. 1985),.

Anders E, Bagnell CR Jr, Krigman M, Mushak P. 1982. Influence of dietary
protein composition on lead absorption in rats. Bull Environ Contam
Toxicol 28:61-67.

Anderson RJ. 1987. Peripheral nerve conduction velocities and
excitability. In: Lowndes HE, ed. Electrophysiology in Neurotoxicology,
Vol. I1. Piscataway, N.J.: Department of Pharmacology and Toxicology,
Rutgers, pp. 51-69.

Angle CR, Marcus A, Cheng I-H, McIntire MS. 1984. Omaha childhood blood
lead and environmental lead: A linear total exposure model. Environ Res
35:160-170.

Angle CR, McIntire MS. 1978. Low level lead and inhibition of
erythrocyte pyrimidine nucleotidase. Environ Res 17:296-302.

Angle CR, McIntire MS. 1979. Environmental lead and children: The Omaha
study. J Toxicol Environ Health 5:855-870.

* Angle CR, McIntire MS, Swanson MS, Stohs, SJ. 1982. Erythrocyte
nucleotides in children--increased blood lead and cytidine triphosphate.
Pediatr Res 16:331-334.

Aral F, Yamamura Y, Yoshida M. 1981. Excretion of triethyllead,
diethyllead, and inorganic lead after injection of tetraethyllead in
rabbits. Sangyo Igaku 23:496-504 (cited in EPA 1986a).

Araki S, Honma T, Yanagihara S, Ushio K. 1980. Recovery of slowed nerve
conduction velocity in lead-exposed workers. Int Arch Occup Environ
Health 46:151-157.

Arnvig E, Grandjean P, Beckmann J. 1980. Neurotoxic effects of heavy
lead exposure determined with psychological tests. Toxicol Lett 5:399-
404,

Asokan SK. 1974. Experimental lead cardiomyopathy: Myocardial structural
changes in rats given small amounts of lead. J Lab Clin Med 84:20-25.



References 155

ATSDR (Agency for Toxic Substances and Disease Registry). 1988. The
nature and extent of lead poisoning in children in the United States: A
report to Congress. ATSDR, Public Health Service, Department of Health
and Human Services, Atlanta, Ga.

Aub JC, Fairhall LT, Minot AS, Reznikoff P, Hamilton A. 1926. Lead
Poisoning, with a chapter on the prevalence of industrial lead poisoning
in the United States. Baltimore, Md.: The Williams and Wilkins Company.
(Medicine monographs: Vol, 7) (cited in EPA 1986a).

Averill DR Jr, Needleman HL. 1980. Neonatal lead exposure retards
cortical synaptogenesis in the rat. In: Needleman HL, ed. Low Level Lead
Exposure: The Clinical Implication of Current Research. New York, N.Y.:
Raven Press, pp. 201-210 (cited in EPA 1986a).

Azar A, Snee RD, Habibi K. 1975. An epidemiologic approach to community
air lead exposure using personal air samplers. In: Griffin TB, Knelson
JH, eds. Lead. Stuttgart, West Germany: Georg Thieme Publishers, pp.
254-290 (cited in EPA 1986a).

* Azar A, Trochimowicz HJ, Maxfield ME. 1973. Review of lead studies in
animals carried out at Haskell Laboratory: Two year feeding study and
response to hemmorhage study. In: Barth D, Berlin A, Engel R, Recht P,
Smeets J, eds. Environmental Health Aspects of Lead: Proceedings,
International Symposium, October 1972, Amsterdam, The Netherlands.
Luxembourg: Commission of the European Communities, pp. 199-210.

Baghurst PA, Robertson EF, McMichael AJ, Vimpani GV, Wigg NR, Roberts
RR. 1987. The Port Pirie cohort study: Lead effects on pregnancy outcome
and early childhood development. Neurotoxicology 8:395-401.

Baker EL, Goyer RA, Fowler BA, et al. 1980. Occupational lead
nephropathy and renal cancer. AM J Ind Med 1:138-148 (cited in EPA
1986a).

Baker EL, Feldman RG, White RF, Harley JP. 1983. The role of
occupational lead exposure in the genesis of psychiatric and behavioral
disturbances. Acta Psychiatr Scand Suppl 67:38-48.

* Baker EL Jr, Landrigan PJ, Barbour AG, et al. 1979. Occupational lead
poisoning in the United States: Clinical and biochemical findings
related to blood lead levels. Br J Ind Med 36:314-322.

Baldwin RW, Cunningham GJ, Pratt D. 1964. Carcinogenic action of motor
engine oil additives. Br J Cancer 18:503-507.

Balo J, Bajtal A, Szenda B. 1965. Experimental adenomas of the kidney
produced by chronic administration of lead phosphate. Magyar Onkol
9:144-151 (cited in EPA 1986a).

Baloh RW, Spivey GH, Brown CP, et al. 1979. Subclinical effects of
chronic increased lead absorption--a prospective study. II. Results of
baseline neurologlic testing. J Occup Med 21:490-496.



156 Section 10

Barltrop D. 1969. Transfer of lead to the human fetus. In: Barltrop D,
Burland WL, eds. Mineral Metabolism in Pediatrics. Philadelphia, Pa.:
Davis Co, pp. 135-151 (cited in EPA 1986a).

Barltrop D, Khoo HE. 1975. The influence of nutritional factors on lead
absorption. Postgrad Med J 51:795-800.

Barnes D, Bellin J, DeRosa C, et al. 1987. Reference Dose (RfD):
Description and Use in Health Risk Assessments. Appendix A in Integrated
Risk Information System Supportive Documentation, Vol. 1. Washington,
D.C.: Office of Health and Environmental Assessment, Environmental
Protection Agency. EPA 600/8-86-032a.

Barry PSI. 1975. A comparison of concentration of lead in human tissue.
Br J Ind Med 32:119-139.

Barry PSI. 1981. Concentrations of lead in the tissues of children. Br J
Ind Med 38:61-71.

Barton JC, Conrad ME. 1981. Effect of phosphate on the absorption and
retention of lead in the rat. Am J Clin Nutr 34:2192-2198.

Barton JC, Conrad ME, Harrison L, Nuby S. 1978a. Effects of calcium on
the absorption and retention of lead. J Lab Clin Med 91:366-376.

Barton JC, Conrad ME, Harrison L, Nuby S. 1980. Effects of vitamin D on
the absorption and retention of lead. Am J Physiol 238:G124-G130 (cited
in EPA 1986a).

Barton JC, Conrad ME, Nuby S, Harrison L. 1978b. Effects of iron on the
absorption and retention of lead. J Lab Clin Med 92:536-547.

Bauchinger M, Dresp J, Schmid E, Englert N, Krause C. 1977. Chromosome
analyses of children after ecological lead exposure. Mutat Res 56:75-79.

Bauchinger M, Schmid E. 1972. Chromosomenanalysen in Zellkulturen des
chinesischen Hamsters nach Applikation von Bleiacetat. Mutat Res 14:95-
100,

Beek B, Obe G. 1974, Effect of lead acetate on human leukocyte
chromosomes in vitro. Experientia 30:1006-1007.

Beek B, Obe G. 1975. The human leukocyte test system. VI. The use of
sister chromatid exchanges as possible indicators for mutagenic
activities. Humangenetik 29:127-134.

Bell RR, Spickett JT. 1981. The influence of milk in the diet on the
toxicity of orally ingested lead in rats. Food Cosmet Toxicol 19:429-
436,

Bellinger DC, Needleman HL, 1983. Lead and the relationship between
maternal and child intelligence. J Pediatr 102:523-527.



References 157

Bellinger DC, Needleman Hl, Leviton A, Waternaux C, Rabinowitz MB,
Nichols ML. 1984. Early sensory-motor development and prenatal exposure
to lead. Neurobehav Toxicol Teratol 6:387-402.

Bellinger D, Leviton A, Waternaux C, Allred E. 1985a. Methodological
issues in modeling the relationship between low-level lead exposure and

infant development: Examples from the Boston lead study. Environ
Research 38:119-129.

Bellinger DC, Leviton A, Waternaux C, Needleman H, Rabinowitz M. 1985b.
A longlitudinal study of the developmental toxicity of low-level lead
exposure in the prenatal and early postnatal periods. In: Lekkas TD, ed.
International Conference: Heavy Metals in the Environment, Vol. 1,
September, Athens, Greece. Edinburgh, U.K.: CEP Consultants, Ltd., pp.
32-34,

Bellinger DC, Leviton A, Needleman HL, Waternaux C, Rabinowitz M. 1986a.
Low-level lead exposure and infant development in the first year.
Neurobehav Toxicol Teratol 8:151-161.

Bellinger DC, Leviton A, Rabinowitz M, Needleman H, Waternaux C. 1986b.
Correlates of low-level lead exposure in urban children at two years of
age. Pediatrics 77(6):826-833.

* Bellinger DC, Leviton A, Waternaux C, Needleman H, Rabinowitz M.
1987a. Longitudinal analyses of prenatal and postnatal lead exposure and
early cognitive development. N Engl J Med 316:1037-1043.

Bellinger D, Sloman J, Leviton A, Waternaux C, Needleman H, Rabinowitz
M. 1987b. Low level lead exposure and child development: Assessment at
age 5 of a cohort followed from birth. In: Lindberg SE, Hutchinson TC,
eds. International Conference: Heavy Metals in the Environment, Vol. 1,
September, New Orleans, La. Edinburgh, U.K.: CEP Consultants, Ltd., pp.
49-53 (cited in ATSDR 1988).

Berg S, Jonsson A.'1984. Analysis of airborne organic lead. In:
Grandjean P, ed. Biological Effects of Organolead Compounds. Boca Raton,
Fla.: CRC Press, pp. 33-42.

* Betts PR, Astley R, Raine DN. 1973, Lead intoxication in children in
Birmingham. Br Med J 1(5850):402-406.

Beyer WN, Cromartie EJ. 1987. A survey of Pb, Cu, Zn, Cd, Cr, As, and Se
in earthworms and soil from diverse sites. Environ Monit Assess 8:27-36.

Birch J, Harrison.RM, Laxen DPH. 1980. A specific method for 24-48 hour
analysis of tetralkyl lead in air. Sci Total Environ 14:31-42.

Blakley BR, Archer DL. 1982. Mitogen stimulation of lymphocytes exposed
to lead. Toxicol Appl Pharmacol 62:183-189.

Blakley BR, Archer DL, Osborne L. 1982, The effect of lead on immune and
viral interferon production. Can J Comp Med 46:43-46.



158 Section 10

Blakley BR, Sisodia CS, Mukkur TK. 1980. The effect of methyl mercury,
tetraethyl lead, and sodium arsenite on the humoral immune response in
mice. Toxicol Appl Pharmacol 52:245-254.

Block P, Garavaglia G, Mitchell G, Shapiro IM. 1976. Measurement of lead
content of children’s teeth in situ by X-ray fluorescence. Phys Med Biol
20:56-63.

Boeckx RL, Postl B, Coodin FJ. 1977. Gasoline sniffing and tetraethyl
lead poisoning in children. Pediatrics 60:140-145.

Bolanowska W. 1968. Distribution and excretion of triethyllead in rats.
Br J Ind Med 25:203-208.

Bolanowska W, Plotrowski J, Garczynski H. 1967. Triethyllead in the
biological material in cases of acute tetraethyllead poisoning. Arch
Toxicol 22:278-282.

Bonithon-Kopp C, Huel G, Moreau T, Wendling R. 1986. Prenatal exposure
to lead and cadmium and psychomotor development of the child at 6 years.
Neurobehav Toxicol Teratol 8:307-310.

* Bornschein RL, Grote J, Mitchell T, Succop P, Shukla R. 1987. Effects
of prenatal and postnatal lead exposure on fetal maturation and
postnatal growth. In: Smith M, Grant LD, Sors A, eds. Lead Exposure and
Child Development: An International Assessment. Lancaster, U.K.: MTP
Press (Iin press).

Bornschein RL, Succop PA, Krafft KM, Clark CS, Peace B, Hammond PB.
1986. Exterior surface dust lead, interior house dust lead and childhood
lead exposure in an urban environment. In: Hemphil DD, ed. Trace
Substances in Environmental Health, Vol. 20. Columbia, Mo.: University
of Missouri, pp. 322-332.

Boscolo P, Galli G, Iannaccone A, Martino F, Porcelli F, Troncone L.

1981. Plasma renin activity and urinary kallikrein excretion in lead-
exposed workers as related to hypertension and nephropathy. Life Sci

28:175-184.

Boscolo P, Masci O, Carelli G, Sperduto B, Finelli VN. 1983b. Effect of
the treatment with EDTA and zinc on the erythrocyte ALA-D activity in
lead-exposed workers. Acta Med Rom 21:45-50. (Taken from Chem Abstr
100:152104h.)

Boscolo P, Porcelli G, Menini E, Finelli VN. 1983a. EDTA plus zinc as
therapy of lead intoxication: Preliminary results. Med Lav 74:370-375.
(Taken from CIS Abstr 84:01354.)

Bota V, Osan A, Mathe 1, Kovacs I, Tambrea M. 1982. Experimental study
on treated with lead. Rev Med 28:175 (cited in Dhir et al. 1985).



References 159

Boyland E, Dukes CE, Grover PL, Mitchley 3CV. 1962. The induction of
renal tumors by feeding lead acetate to rats. Br J Cancer 16:283-288
(cited in EPA 1986a).

* Bradley JE, Baumgartner RJ. 1958. Subsequent mental development of
children With lead encephalopathy, as related to type of treatment. J
Pediatr 53:311-315.

* Bradley JE, Powell AE, Neirmann W, McGrady KR, Kaplan E. 1956. The
incidence of abnormal blood levels of lead in a metropolitan pediatric
clinic: With observation on the value of coproporphyrinuria as a
screening test. J Pediatr 49:1-6.

Braumstein GD, Dahlgren J, Loriaux DL. 1978. Hypogonadism in chronically
lead-poisoned men. Infertility 1:33-51 (cited in EPA 1986a).

Brewer GJ, Hill GM, Dick RD, Prasad AS, Cossact ZT. 1985. Interactions
of trace elements: Clinical significance. J Am Coll Nutr 4:33-38.

Briskin J. 1987. Telephone conversation between Jean Briskin, Office of
Drinking Water, and P. Goetchius, Syracuse Research Corp., December 7,
1987.

Bruce WR, Heddle JA. 1979. The mutagenic activity of 61 agents as
determined by the micronucleus, Salmonella and sperm abnormality assays.
Can J Genet Cytol 21:319-334.

Bruenger FW, Stevens W, Stover BJ. 1973. The association of 210py with
constituents of erythrocytes. Health Phys 25:37-42 (cited in EPA 1986a).

Brunekreff BD. 1984. The relationship between air lead and blood lead in
children: A critical review. Sci Total Environ 38:79-123.

* Buc HA, Kaplan JC. 1978. Red-cell pyrimidine 5’'-nucleotidase and lead
polsoning. Clin Chim Acta 87:49-55.

Bull RJ, Lutkenhoff SD, McCarty GE, Miller RG. 1979. Delays in the
postnatal increase of cerebral cytochrome concentrations in lead-exposed
rats. Neuropharmacology 18:83-92.

Bulsma JB, DeFrance HF. 1976. Cytogenetic investigations in volunteers
ingesting inorganic lead. Int Arch Occup Environ Health 28:145-148.

Bushnell PJ, Bowman RE. 1979a. Reversal learning deficits in young
monkeys exposed to lead. Pharmacol Biochem Behav 10:733-742.

Bushnell PJ, Bowman RE. 1979b. Persistence of impaired reversal learning
in young monkeys exposed to low levels of dietary lead. J Toxicol
Environ Health 5:1015-1023.

Bushnell PJ, Bowman RE. 1979c. Effects of chronic lead ingestion on
social development in infant rhesus monkeys. Neurobehav Toxicol 1:207-
219.



160 Section 10

Bushnell PJ, DeLuca HF. 1981. lLactose facilitates the intestinal
absorption of lead in weanling rats. Science 211:61-63.

Bushnell PJ, Levin ED. 1983. Effects of zinc deficiency on lead toxicity
in rats. Neurobehav Toxicol Teratol 5:283-288.

Callahan MA, Silmak MW, Gabel NW, et al. 1979, Water-related
environmental fate of 129 priority pollutants. Vol. 1l: Introduction and
Technical Background, Metals and Inorganic Pesticides and PCBs. EPA-
440/4-79-029a, pp. 13-1 to 13-19.

Campara P, D’'Andrea F, Micciolo R, Savonitto C, Tansella M, Zimmermann-
Tansella CH. 1984. Psychological performance of workers with blood-lead
concentration below the current threshold limit value. Int Arch Occup
Environ Health 53:233-246.

Campbell BC, Beattie AD, Moore MR, Goldberg A, Reid AG. 1977. Renal
insufficiency associated with excessive lead exposure. Br Med J
1(6059):482-485.

Campbell BC, Meredith PA, Scott JJC. 1985. Lead exposure and changes in
the renin-angiotensin-aldosterone system in man. Toxicol Lett 25:25-32
(cited in EPA 1986a).

Campbell JB, Woolley DE, Vijakan VK, Overmann SR. 1982. Morphometric
effects of postnatal lead exposure on hippocampal development of the
15-day-old rat. Dev Brain Res 3:595-612 (cited in EPA 1986a).

Cantarow A, Trumper M. 1944. Lead Poisoning. Baltimore, Md.: Williams
and Wilkens Co. (cited in EPA 1986a).

Carpenter SJ. 1982. Enhanced teratogenicity of orally administered lead
in hamsters fed diets deficient in calcium or iron. Toxicology 24:259-
271.

Carr DS. 1981. Lead compounds (salts). In: Kirk-Othmer Encyclopedia of
Chemical Technology, 3rd ed. Grayson M, ed. Vol. 14. New York, N.Y.:
John Wiley and Sons, pp. 162, 164, 167, 169.

Castellino N, Aloj S. 1964. Kinetics of the distribution and excretion
of lead in the rat. Br J Ind Med 21:308-314.

Casto BC, Meyers J, DiPaclo JA. 1979, Enhancement of viral
transformation for evaluation of the carcinogenic potential of inorganic
metal salts. Cancer Res 39:193-198.

CDC (Centers for Disease Control). 1985. Preventing Lead Poisoning in
Young Children. Atlanta, Ga.: CDC, Department of Health and Human
Services, Public Health Service, Center for Environmental Health,
Chronic Diseases Division. Publ No 99-2230, pp. 7-19.

Cerklewski FL. 1979. Influence of dietary zinc on lead toxicity during
gestation and lactation in the female ra:t. J Nutr 109:1703-1709.



References 161l

Cerklewski FL. 1980. Reduction in neonatal lead exposure by supplemental
dietary iron during gestation and lactation in the rat. J Nutr
110:1453-1457,

Cerklewski FL, Forbes RM, 1976. Influence of dietary zinc on lead
toxicity in the rat. J Nutr 106:689-696.

Chakraborti D, DeJonghe WRA, Mol WE, Cleuvenbergen RJA, Adams FC. 1984,
Determination of ionic alkyllead compounds in water by gas
chromatography/atomic absorption spectrometry. Anal Chem 56:2692-2697,

Chamberlain A, Heard C, Little MJ, et al. 1978. Investigations into lead
from motor vehicles. Harwell, U.K.: United Kingdom Atomic Energy
Authority. Rep No AERE-9198 (cited in EPA 1986a).

Chau YK, Wong PTS, Bengert GA, Kramer 0. 1979. Determination of
tetralkyllead compounds in water, sediments, and fish samples. Anal Chem
51:186-188.

Chau YK, Wong PTS, Kramar O, et al. 1980. Occurrence of tetraalkylead
compounds in the aquatic environment. Bull Environ Contam Toxicol
24:265-269.

Chesney RW, Rosen JF, Deluca HF. 1983. Disorders of calcium metabolism
in children. In: Chiumello G, Sperling M, eds. Recent Progress in
Pediatric Endocrinology. New, N.Y.: Raven Press, pp. 5-24 (cited in EPA
1986a) .

Chisolm JJ. 1986. Removal of lead paint from old housing: The need for a
new approach. Am J Publ Health 76(3):236-237.

* Chisolm JJ, Thomas DJ, Hamill TG. 1985. Erythrocyte porphobilinogen
synthase activity as an indicator of lead exposure to children. Clin
Chem 31:601-605.

* Chisolm JJ Jr. 1962. Aminoaciduria as a manifestation of renal tubular
injury in lead intoxication and a comparison with patterns of
aminoaciduria seen in other diseases. J Pediatr 60:1-17.

* Chisolm JJ Jr. 1965. Chronic lead intoxication in children. Dev Med
Child Neurol 7:529-536.

Chisolm JJ Jr. 1968. The use of chelating agents in the treatment of
acute and chronic lead intoxication in childhood. J Pediatr 73:1-38.

Chisolm JJ Jr. 1981. Dose-effect relationships for lead in young
children: Evidence in children for interactions among lead, zinc, and
iron. In: Lynam DR, Piantanida LG, Cole JF, eds. Environmental Lead:
Proceedings on the Second International Symposium on Environmental Lead
Research; December, 1978; Cincinnati, Ohio, New York, N.Y.: Academic
Press, pp. 1-7. (Coulston F, Korte F, eds. Ecotoxicology and
Environmental Quality Series) (cited in EPA 1986a).



162 Section 10

Chisolm JJ Jr, Brown DH. 1979. Micromethod for zinc protoporphyrin in
erythrocytes: Including new data on the absorptivity of zinc
protoporphyrin and new observations in neonates and sickle cell disease.
Biochem Med 22:214-237.

* Chisolm JJ Jr, Harrison HE. 1956. The exposure of children to lead.
Pediatrics 18:943-958.

Chisolm JJ Jr, Harrison HC, Eberlein WR, Harrison HE. 1955.
Amincaciduria, hypophosphatemia, and rickets in lead poisoning: Study of
a case. Am J Dis Child 89:159-168.

Chisolm JJ Jr, Mellits ED, Barrett MB. 1976. Interrelationships among
blood lead concentration, quantitative daily ALA-U and urinary lead
output following calcium EDTA. In: Nordberg GF, ed. Proceedings of Third
Meeting of the Subcommittee on the Toxicology of Metals Under the
Permanent Commission and International Association on Occupational
Health, November 1974, Tokyo, Japan. Amsterdam, The Netherlands:
Elsevier Publishing Co, pp. 416-433 (cited in EPA 1986a).

Cho IC, Cha CW. 1982. Combined toxicological effects of lead and copper
in rats: On delta-aminolevulinic acid dehydratase activity, hemoglobin
and metal contents in various organs. Koryo Taehakkyo Uikwa Taehak
Chapchi 19:143 (cited in Dhir et al. 1985).

Choie DD, Richter GW. 1978. G2 sub-population in mouse liver induced
into mitosis by lead acetate. Cell Tissue Kinet 11:235-239.

Chowdhury AR, Dewan A, Ghandhi DN. 1984. Toxic effect of lead on the
testes of rat. Biomed Biochim Acta 43:95-100.

Clark ARL. 1977. Placental transfer of lead and its effects on the
newborn. Postgrad Med J 53:674-678.

Clarkson TW, Kench JE. 1958. Uptake of lead by human erythrocytes in
vitro. Blochem J 69:432-439.

Congiu L, Corongiu FP, Dore M, et al. 1979. The effect of lead nitrate
on the tissue distribution of mercury in rats treated with methylmercury
chloride. Toxicol Appl Pharmacol 51:363-366.

Congress of the United States. 1986. Superfund Amendments and
Reauthorization Act of 1986. Section 102. Reportable quantities.
Washington, D.C.: Congress of the United States.

Congressional Record. 1988a. House suspended rules and passed HR 4939,
Lead Contamination Control Act of 1988; Text of HR4939 and discussion.
Congressional Record 100-140: H9645-H9648.

Congressional Record. 1988b. Senate passed HR 4939, Lead Contamination
Control Act of 1988. Congressional Record 100-146: S16375.



References 163

Cools A, Salle HJA, Verberk MM, Zielhuis RL. 1976. Biochemical response
of male volunteers ingesting inorganic lead for 49 days. Int Arch Occup
Environ Health 38:129-139.

Cooper GP, Fox DA, Howell WE, Laurie RD, Tsang W, Lewkowski JP. 1980.
Visual evoked responses in rats exposed to heavy metals. In: Merigan WH,
Weiss B, eds. Neurotoxicity of the visual system. New York, N.Y.: Raven
Press, pp. 203-218 (cited in EPA 1986a).

Cooper WC. 1976. Cancer mortality patterns in the lead industry. Ann NY
Acad Sci 271:250-259.

Cooper WC. 1981. Mortality in employees of lead production facilities
and lead battery plants, 1971-1975., In: Lynam DR et al., eds.
Environmental Lead: Proceedings of the Second International Symposium on
Environmental Lead Research, December, 1978, Cincinnati, Ohio. New York,
N.Y.: Academic Press, pp. 111-143 (cited in EPA 1986a).

Cooper WC, Gaffey WR. 1975. Mortality of lead workers. J Occup Med
17:100-107.

* Cooper WC, Wong O, Kheifets L. 1986. Mortality among employees of lead
battery plants and lead producing plants, 1947-1980. Scand J Work
Environ Health 11:331-345,

Cory-Slechta DA. 1987. Aging alters the tissue distribution of lead.
Toxicologist 7:77.

Cory-Slechta DA, Bissen ST, Young AM, Thompson T. 1981. Chronic post-
weaning lead exposure and response duration performance. Toxicol Appl
Pharmacol 60:78-84.

Cory-Slechta DA, Thompson T. 1979. Behavioral toxicity of chronic post-
weaning lead exposure in the rat. Toxicol Appl Pharmacol 47:151-159.

Cory-Slechta DA, Weiss B, Cox C. 1983. Delayed behavioral toxicity of
lead with increasing exposure concentration. Toxicol Appl Pharmacol
71:342-352.

* Cory-Slechta DA, Weiss B, Cox D. 1985. Performance and exposure
indices of rats exposed to low concentrations of lead. Toxicol Appl
Pharmacol 78:291-299.

Cory-Slechta DA, Weiss B, Cox C. 1987. Mobilization and redistribution
of lead over the course of CaNa2 EDTA chelation therapy. J Pharmacol Exp
Ther (in press)

Costa M, Cantoni O, DeMars M, Swartzendruber DE. 1982. Toxic metals
produce S-phase-specific cell cycle block. Res Comm Chem Pathol
Pharmacol 38(3):405-419.



164 Section 10

CPSC (Consumer Product Safety Commis<ion). 1977, Part 1303-Lead-
containing paint and certain consumer products having lead-containing
paint. Fed Regist 42(170):44193-44199,

Cramer K, Goyer RA, Jagenburg R, Wilson MH. 1974, Renal ultrastructure,
renal function, and parameters of lead toxicity in workers with
different periods of lead exposure. Br J Ind Med 31:113-127,

Cremer JE. 1965. Toxicology and biochemistry of alkyllead compounds.
Occup Health Res 17:14-19.

Cremer JE, Callaway S. 1961. Further studies on the toxicity of some
tetra and trialkyl lead compounds. Br J Ind Med 18:277-282.

Cullen MR, Kayne Rd, Robins JM. 1984. Endocrine and reproductive
dysfunction in men associated with occupational inorganic lead
intoxication. Arch Environ Health 39:431-440.

* Cumings JN. 1959. Heavy metals and the brain. Part 3: Lead.
Springfield, Ill.: Thomas, pp. 93-155 (cited in EPA 1986a).

Dalpra L, Tibiletti MG, Nocera G, et al. 1983, SCE analysis in children
exposed to lead emission from a smelting plant. Mutat Res 120:249-256,

Davis JR, Avram MJ. 1978. A comparison of the stimulatory effects of
cadnium and zinc on normal and lead-inhibited human erythrocytic delta-
aminolevulinic acid dehydratase activity in vitro. Toxicol Appl
Pharmacol 40:181-190.

* Davis MJ, Svendsgaard DJ. 1987, Lead and child development. Nat::. -
329:297-300.

Davis RK, Horton AW, Lawson EE, Stemmer AL. 1963. Inhalation of
tetramethyl lead and tetraethyl lead. Arch Environ Health 6:473-479
(cited in EPA 1986a).

DeJonghe WR, Adams FC. 1986. Biogeochemical cycling of organic lead
compounds. Adv Environ Sci Technol 17:561-594.

DeJonghe WRA, Chakraborti D, Adams FC. 1981. Identification and
determination of individual tetraalkylead species in air. Environ Sci
Technol 15:1217-1222.

Deknudt G, Colle A, Gerber GB. 1977. Chromosomal abnormalities in
lymphocytes from monkeys poisoned with lead. Mutat Res 45:77-83.

Deknudt G, Deminatti M. 1978. Chromosome studies in human lymphocytes
after in vitro exposure to metal salts. Toxicology 10:67-75.

Deknudt G, Gerber GB. 1979. Chromosomal aberrations in bone-marrow cells
of mice given a normal or a calcium-deficient diet supplemented with
various heavy metals. Mutat Res 68:163-168.



References 165

de Kort WLAM, Verschoor MA, Wibowo AAE, van Hemmen JJ. 1987.
Occupational exposure to lead and blood pressure. A study of 105
workers. Am J Ind Med 11:145-156.

* de la Burde B, Choate MS Jr. 1972. Does asymptomatic lead exposure in
children have latent sequelae? J Pediatr 81:1088-1091.

de la Burde B, Choate MS Jr. 1975. Early asymptomatic lead exposure and
development at school age. J Pedlatr 87:638-642.

DeSilva PE. 1981. Determination of lead in plasma and studies on its
relationship to lead in erythrocytes. Br J Ind Med 38:209-217.

Dhir H, Sharma A, Talukler G. 1985. Alteration of cytotoxic effects of
lead through interaction with other heavy metals. Nucleus 28:68-89.

* Dietrich KN, Krafft KM, Bier M, Succop PA, Berger O, Bornschein RL.
1986. Early effects of fetal lead exposure: Neurobehavioral findings at
6 months. Int J Biosoc Res 8:151-168.

* Dietrich KN, Krafft KM, Bornschein RL, et al. 1987a. Effects of low-
level fetal lead exposure on neurobehavioral development in early
infancy. Pediatrics 80(5):721-730.

Dietrich KN, Krafft KM, Shukla R, Bornschein RL, Succop PA. 1987b. The
neurobehavioral effects of early lead exposure. Monogr Am Assoc Ment
Defic 8:71-95.

Drasch GA, Bohm J, Baur C. 1987. Lead in human bones. Investigation of
an occupationally non-exposed population in southern Bavaria (F.R.G.).
1. Adults. Sci Total Environ 647:303-315.

Drill S, Knoz J, Mahar J, Morse M. 1979. The environmental lead problem:
An assessment of lead in drinking water from a multimedia perspective.
Washington, D.C.: Environmental Protection Agency. EPA 570/9-79-003.
NTIS PB-296556 (cited in EPA 1986a).

Duggan MJ, Inskip MJ. 1985. Childhood exposure to lead in surface dust
and soil: A community health problem. Public Health Rev 13:1-54.

Dunkel VC, Plienta RJ, Sivak A, Traul KA. 1981. Comparative neoplastic
transformation responses of Balb/3T3 cells, Syrian hamster embryo cells,
and Rauscher murine leukemia virus-infected Fischer 344 rat embyro cells
to chemical carcinogens. J Nat Cancer Inst 67(6):1303-1315.

Dunkel VC, Zieger E, Brusick D, et al. 1984. Reproducibility of
microbial mutagenicity assays: I. Tests with Salmonella typhimurium and
Escherischia coll using a standardized protocol. Environ Mutagen 6(Suppl
2):1-254.

Edshall JT, Wyman J. 1958. Biophysical Chemistry, Vol. 1. New York,
N.Y.: Academic Press, p. 591 (cited in Dhir et al. 1985).



166 Section 10

Ehle A. 1986. Lead neuropathy and electrophysiological studies in low
level lead exposure: A critical review. Neurotoxicity 7(3):203-216.

Eisenreich SJ, Looney BB, Thormton JD. 198l. Airborme organic -
contaminants in the Great Lakes ecosystem. Environ Sci Technol
15(1):30-38.

Eisler R. 1988. Lead hazards to fish, wildlife, and invertebrates: A
synoptic review. Biol Rep 85 (1.14), Fish and Wildlife Service,

El-Gazzar RM, Finelli VN, Bolano J, Petering HG. 1978. Influence of
dietary zinc on the lead toxicity in rats. Toxicol Lett 1:227-234 (cited
in EPA 1986a).

EPA (Environmental Protection Agency). 1977. Air Quality Criteria for
Lead. Research Triangle Park, N.C.: Health Effects Research Labs,
Criteria and Special Studies Office, pp. 11-1 to 11-65. EPA 600/8-77-
017. NTIS PB2080411.

EPA (Environmental Protection Agency). 1978, National primary and
secondary ambient air quality standards for lead. Fed Regist
43(194):46246-46261.

EPA (Environmental Protection Agency). 1980. Ambient Water Quality
Criteria for Lead. Washington, D.C.: Office of Water Regulations and
Standards, Criteria and Standards Division, EPA. EPA 440/5-80-057. NTIS
PB-81-117681.

EPA (Environmental Protection Agency). 1982a. Test Methods for -
Evaluating Solid Waste. Physical/Chemical Methods. Method No. 7420 and

7421, Office of Solid Waste and Emergency Response, EPA, Washington,

D.C.

EPA (Environmental Protection Agency). 1982b. Indentification and
listing of hazardous waste. 40 CFR Part 261. Append VIII.

EPA (Environmental Protection Agency). 1982c. Regulation of fuel and
fuel additions. 40 CFR Part 80. Fed Regist 47(210):49322-49334.

EPA (Envirommental Protection Agency). 1983. Methods for Chemical
Analysis of Water and Wastes. EPA 600/4-79-020, Environmental Monitoring
and Support Laboratory, Office of Research and Development, EPA,
Cincinnati, Ohio, pp. 239.1-1 to 239.1-2, 239.2-1 to 239.2-2; Metals-20
to Metals-29.

EPA (Environmental Protection Agency). 1985a. Health and Environmental
Effects Profile for Lead Alkyls. ECAO-CIN-P133. Cincimnati, Ohio:
Environmental Criteria and Assessment Office, EPA.

EPA (Environmental Protection Agency). 1985b. National primary drinking
water regulations; synthetic organic chemicals, inorganic chemicals and
miroorganisas; proposed rule. 40 CFR Part 141. Fed Regist
50(219):46935-47025.



References 167

EPA (Environmental Protection Agency). 1985c. Notification requirements;
reportable quantity adjustments; final rule and proposed rule. 40 CFR
Parts 117 and 302. Fed Regist 50(65):13456-13475, 13489-13490.

EPA (Environmental Protection Agency). 1985d. Regulation of fuels and
fuel additions; gasoline lead content. Final rule. 40 CFR Part 80. Fed
Regist 50:9386-9399.

* EPA (Environmental Protection Agency). 1986a. Air Quality Criteria for
Lead. June 1986 and Addendum, September 1986. Research Triangle Park,
N.C.: Office of Research and Development, Office of Health and
Environmental Assessment, Environmental Criteria and Assessment Office,
EPA. EPA 600/8-83-018F.

EPA (Environmental Protection Agency). 1986b. Reference Values for Risk
Assessment. Prepared by the Office of Health and Environmental
Assessment, Environmental Criteria and Assessment Office, Cincinnati,
Ohio, for the Office of Solid Waste, Washington, D.C. (Table 1-2).

EPA. 1986c. Reportable quantity adjustments; final rule. 40 CFR Parts
117 and 302. Fed Regist 51(118):34534-34549.

EPA. 1988a. Integrated Risk Information System (IRIS).
Carcinogenicity Assessment for Lifetime Exposure for Lead and Compounds
(inorganic). On-line. (Verification date: May 4, 1988.) Office of
Health and Environmental Assessment, Environmental Criteria and
Assessment Office, Cincinnati, Ohio.

EPA. 1988b. Drinking water regulations; maximum contaminant level
goals and national primary drinking water regulations for lead and
copper. Proposed rule. 40 CFR Parts 141 and 142. Fed Regist
53(160):31515-31578.

EPA. 1988c. Analysis of Clean Water Act Effluent Guidelines
Pollutants. Summary of the Chemicals Regulated by Industrial Point
Source Category. 40 CFR Parts 400 - 475. (Draft) Prepared by the
Industrial Technology Division (WH 552), Office of Water Regulations and
Standards, Division of Water, EPA, Washington, D.C.

EPA. 1989a. Evaluation of the Potential Carcinogenicity of Lead
Compounds: In Support of Reportable Quantity Adjustments Pursuant to
CERCLA Section 102, External Review Draft. March 1989 EPA/600/8-
89/045A. Available from NTIS, PB89-181366/AS.

EPA. 1989b. Review of the National Ambient Air Quality Standard for
Lead: Exposure analysis, methodology and validation. OAQPS staff
report, EPA, Office of Air Quality Planning and Standards. Research
Triangle Park, N.C. EPA-450/2-89-011, June 1989.

Erenberg G, Rinsler SS, Fish BG. 1974. Lead neuropathy and sickle cell
disease. Pedlatrics 54:438-441.



168 Section 10

Ernhart CB. 1988. Cofactors in research on the environmental toxicology
of childhood: Issues and examples from lead effects studies. In:
Environmental Toxicology of Childhood. University of Nebraska, Children
and the Law Series (in press).

Ernhart CB, Landa B, Schell NB. 1981, Subclinical levels of lead and
developmental deficit--a multivariate follow-up reassessment. Pediatrics
67:911-919.

Ernhart CB, Morrow-Tlucak M, Marler MR, Wolf AW. 1987. Low level lead
exposure in the prenatal and early preschool periods: Early preschool
development. Neurotoxicol Teratol 9:259-270.

* Ernhart CB, Wolf AW, Kennard MJ, Erhard P, Filipovich HF, Sokol RJ.
1986. Intrauterine exposure to low levels of lead: The status of the
neonate. Arch Environ Health 41(5):287-291.

* Ernhart CB, Wolf AW, Kennard MJ, Filipovich, Sokol RJ, Erhard P. 1985.
Intrauterine lead exposure and the status of the neonate. In: Lekkas TD,
ed. International Conference: Heavy Metals in the Environment,
September, Athens, Greece, Vol. 1. Edinburgh, U.K.: CEP Consultants,
Ltd., pp. 35-37.

Everson J, Patterson CC. 1980. "Ultra-clean" isotope dilution/mass
spectrometric analyses for lead in human blood plasma indicate that most
reported values are artificially high. Clin Chem 26:1603-1607.

Ewers U, Stiller-Winkler R, Idel H. 1982. Serum immunoglobulin,
complement C3, and salivary IgA level in lead workers. Environ Res
29:351-357.

Exon JH, Koller LD, Kerkvliet NI. 1979. Lead-cadmium interaction:
Effects on viral-induced mortality and tissue residues in mice. Arch
Environ Health 34:469-475.

Fahim MS, Fahim Z, Hall DG. 1976. Effects of subtoxic lead levels on
pregnant women in the state of Missouri. Res Commun Chem Pathol
Pharmacol 13:309-331.

Fahim MS, Khare NK. 1980. Effects of subtoxic levels of lead and cadmium
on urogenital organs of male rats. Arch Androl 4:357 (cited in Dhir et
al. 1985).

Faicth RE, Luster MI, Kimmel CA. 1979. Effect of chronic developmental
lead exposure on cell-mediated immune functions. Clin Exp Immunol
35:413-420,

Feldman RG. 1978. Urban lead mining: Lead intoxication among deleaders.
N Engl J Med 298(20):1143-1145.

Fell GS. 1984, Review article. Lead toxicity: Problems of definition and
laboratory evaluation. Ann Clin Biochem 21:453-460.



References 169

Fischbein A, Anderson KE, Sassa S, et al. 1981. Lead poisoning from do-
it-yourself heat guns for removing lead-based paint: Report of two
cases. Environ Res 24:425-431.

Flora SJS, Tandon SK. 1987. Effect of combined exposure to lead and
ethanol on some biochemical indices in the rat. Biochem Pharmacol
36(4):537-541.

Forbes GB, Reina JC. 1972. Effect of age on gastrointestinal absorption
(Fe, Sr, PB) in the rat. J Nutr 102:647-652.

Forni A, Camiaghi G, Sechi GC. 1976. Initial occupational exposure to
lead: Chromosome and biochemical findings. Arch Environ Health 31:73-78.

Forni A, Sciame A, Bertazzi PA, Alesiio L. 1980. Chromosome and
biochemical studies in women occupationally exposed to lead. Arch
Environ Health 35(3):139-146,

Fowler BA, Kimmel CA, Woods JS, McConnell EE, Grant LD. 1980. Chronic
low-level lead toxicity in the rat: III. An integrated assessment of
long-term toxicity with special reference to the kidney. Toxicol Appl
Pharmacol 56:59-77.

Fox DA, Wright AA. 1982, Evidence that low-level developmental lead

exposure produces toxic amblyopia. Soc Neurosci Abstr 8:81 (cited in EPA
1986a).

Fox DA, Wright AA, Costa LG. 1982, Visual acuity deficits following
neonatal lead exposure: Cholinergic interactions. Neurobehav Toxicol
Teratol 4:689-693.

Fox DA, Lewkowski JP, Copper GP. 1977. Acute and chronic effects of
neonatal lead exposure on development of the visual evoked response in
rats. Toxicol Appl Pharmacol 49:449-461.

Fukunaga M, Kurachi Y, Mizuguchi Y. 1982. Action of some metal ions at
yeast chromosomes. Chem Pharm Bull 30(8):3017-3019.

Fulton M, Raab G, Thomson G, Laxen D, Hunter R, Hepburn W. 1987.
Influence of blood lead on the ability and attainment of children in
Edinburgh. Lancet 1(B8544):1221-1226.

* Gant VA. 1938. Lead poisoning. Ind Med 7:679-699.

Gasiorek K, Bauchinger M. 1981. Chromosome changes in human lymphocytes
after separate and combined treatment with divalent salts of lead,
cadmium, and zinc. Environ Mutagen 5:513-518.

Gelman BB, Michaelson IA, Bus JS. 1978. The effect of lead on oxidative
hemolysis and erythrocyte defense mechanisms in the rat. Toxicol Appl
Pharmacol 45:119-129.



170 Section 10

Gerber GB, Maes J. 1978. Heme synthesis in the lead intoxicated mouse
embryo. Toxicology 9:173-179.

Gerber GB, Maes J, Gilliavod N, Casale G. 1978. Brain biochemistry of
infant mice and rats exposed to lead. Toxicol Lett 2:51-63.

Gething I. 1975. Tetramethyllead absorption: A report of a human
exposure to a high level of tetramethyllead. Br J Ind Med 32:329-333,

* Gilbert SG, Rice DC. 1987. Low-level lifetime lead exposure produces
behavioral toxicity (spatial discrimination reversal) in adult monkeys.
Toxicol Appl Pharmacol 91:484-490.

Glickman L, Valciukas JA, Lilis R, Weisman I. 1984. Occupational lead
exposure: Effects on saccadic eye movements. Int Arch Occup Environ
Health 54:115-125.

Goldberg AM, Meredith PA, Miller S, Moore MR, Thompson GG. 1978. Hepatic
drug metabolism and heme biosynthesis in lead-poisoned rats. Br J
Pharmacol 62:529-536.

Goldman RH, Baker EL, Hannan M, Kamerow DB. 1987. lLead polisoning in
automobile repair mechanics. N Engl J Med 317(4):214-218.

Gonick HC, Khalil-Manesh F, Raghavan SRV, Weiler E. 1985.
Characterization of human erythrocyte lead-binding protein.
International Conference: Heavy Metals in the Environment 1:313-316.

Goyer RA. 1985. Renal changes associated with lead exposure. In:
Mahaffey KR, ed. Dietary and Environmental Lead: Human Health Effects.
Amsterdan, The Netherlands: Elsevier Science Publishers B.V.

Goyer RA. 1986. Toxlic effect of metals. In: Casarett and Doull’'s
Toxicology, The Basic Science of Poisons, 3rd ed. New York, N.Y.:
Macmillan, pp. 582-588, 598-605.

* Grandjean P. 1979. Occupational lead exposure {n Dermark: Screening
with the haematofluorometer. Br J Ind Med 36:52-58.

Grandjean P, Andersen 0. 1982. Toxicity of lead additives. Lancet
2:333-334.

Grandjean P, Arnvig E, Beckmann J. 1978. Psychological dysfunction in
lead-exposed workers: Relation to biological parameters of exposure.
Scand J Work Environ Health 4:295-303 (cited in EPA 1986a).

Grandjean P, Bach E. 1986. Indirect exposures: The significance of
bystanders at work and at home. Am Ind Hyg Assoc J 47:819-824,

Grandjean P, Lintrup J. 1978. Erythrocyte-Zn-protoporphyrin as an
indicator of lead exposure. Scand J Clin Lab Invest 38:669-675.



References 171

Grandjean P, Nielsen T. 1979. Organolead compounds: Environmental health
aspects. Res Rev 72:98-148.

Grandjean P, Olsen B. 1984. Chapter 4. Lead. In: Techniques and
Instrumentation in Analytical Chemistry. Vol. 4. Evaluation of
Analytical Methods in Biological Systems. Part B. Hazardous Metals in
Human Toxicology. Vercruysse A, ed. New York, N.Y.: Elsevier Science
Publishing, pp. 153-169.

* Grandjean P, Wulf HC, Niebuhr E. 1983. Sister chromatid exchange in
response to variations in occupational lead exposure. Environ Res
32:199-204.

* Grant LD, Davis JM. 1987. Effect of low-level lead exposure on
pediatric neurobehavioral and physical development: Current findings and
future directions. In: Smith M, Grant LD, Sors A, eds. Lead Exposure and
Child Development: An International Assessment. Lancaster, U.K.: MTP
Press (in press).

* Grant LD, Kimmel CA, West GL, Martinez-Vargas CM, Howard JL. 1980.
Chronic low-level lead toxicity in the rat: II. Effects on postnatal
physical and behavioral development. Toxicol Appl Pharmacol 56:42-58.

Graziano J, Popovac M, Murphy A, et al. 1987. Environmental lead,
reproduction and infant development. In: Smith M, Grant LD, Sors A, eds.
UK Lead exposure and Child Development: An International Assessment.
Lancaster, MIP Press (in press).

Griffin TB, Coulston F, Golberg L, Wills H, Russell JC, Knelson JH.
1975. Clinical studies on men continuously exposed to airborne
particulate lead. In: Griffin TB, Knelson JG, eds. Lead. Stuttgart, West
Germany: Georg Thieme Publisher, pp. 221-240.

Griffin TB, Coulston F, Wills H. 1975. Biological and clinical effects
of continuous exposure to airborne particulate lead. Arh Hig Toksikol
(Yugoslavia) 26:191-208,

Gross SB. 1979. Oral and inhalation lead exposures in human subjects
(Kehoe balance experiments). New York, N.Y.: Lead Industries Association
(cited in EPA 1986a).

Gross SB, Pfitzer EA, Yeager DW, Kehoe RA. 1975. Lead in human tissues.
Toxicol Appl Pharmacol 32:638-651.

Haas T, Wieck AG, Schaller KH, Mache K, Valentin H. 1972. The usual lead
load in new-born infants and their mothers. Zentralbl Bakteriol
Parasitenkd Infektionskranch Hyg Abt 1(Orig Reihe B 155):341-349 (cited
in EPA 1986a).

Haeger-Aronsen B, Schutz A, Abdulla M. 1976. Antagonistic effect in vivo
of zinc on inhibition of delta-aminolevulinic acid dehydratase by lead.
Arch Environ Health July/Aug:215-220.



172 Section 10

Haenninen H, Hernberg S, Mantere P, Vesanto R, Jalkanen M. 1978,
Psychological performance of subjects with low exposure to lead. J Occup
Med 20:683-689.

* Haenninen H, Mantere P, Hernberg S, Seppalainen AM, Kock B. 1979.
Subjective symptoms in low-level exposure to lead. Neurotoxicology
1:333-347.

Hamilton DL. 1978. Interrelationships of lead and iron retention in
iron-deficient mice. Toxicol Appl Pharmacol 46:651-661.

Hammond PB. 1971. The effects of chelating agents on the tissue
distribution and excretion of lead. Toxicol Appl Pharmacol 18:296-310.

Hammond PB. 1982. Metabolism of lead. In: Chisolm JJ, O’'Hara DM, eds.
Lead Absorption in Children: Management, Clinical and Environmental
Aspects. Baltimore, Md.: Urban and Schwarzenberg, pp. 11-20.

Hammond PB, Bormschein RL, Succop P. 1985. Dose-effect and dose-response
relationships of blood lead to erythrocytic protoporphyrin in young
children. In: Bornschein RL, Rabinowitz MB, eds. The Second
International Conference on Prospective Studies of Lead, April 1984,
Cincinnati, Ohio. Environ Res 38:187-196.

Harlan WR, Landis JR, Schmouder RL, Goldstein NG, Harlan LC. 1985. Blood
lead and blood pressure: Relationship in the adolescent and adult US
population. J Am Med Assoc 253:530-534,

Harvey P, Hamlin M, Kumar R. 1983. The Birmingham blood lead study.
Presented at Annual Conference of the British Psychological Society,
Symposium on Lead and Health: Some Psychological Data, April, University
of York, U.K. (cited in EPA 1986a).

Harvey PG, Hamlin MW, Kumar R, Delves HT. 1984. Blood lead, behavior and
intelligence test performance in preschool children. Sci Total Environ
40:45-60.

Hass GM, McDonald JH, Oyasu R, Battifora HA, Palouchek JT. 1967. Renal
neoplasia induced by combinations of dietary lead subacetate and N-2-
fluorenylacetamide. In: King JS Jr, ed. Renal Neoplasia. Boston, Mass.:
Little Brown and Company, pp. 377-412 (cited in EPA 1986a).

* Hatzakis A, Kokkeni A, Katsouyanni K, et al. 1987. Lead exposure and
children’s cognitive function and behavior. In: Lindberg SE, Hutchinson
TC, eds. International Conference: Heavy Metals in the Environment.,
Vol. 1, September, New Orleans, La. Edinburgh, U.K.: CEP Consultants,
Led., pp. 204-209 (cited in ATSDR 1988).

Haworth S, Lawlor T, Mortelmans K, et al. 1983, Salmonella mutagenicity
test results for 250 chemicals. Environ Mutagen Suppl 1:3-142.



References 173

* Hawk BA, Schroeder SR, Robinson G, Mushak P, Kleinbaum D, Dawson G.
1986. Relation of lead and social factors to IQ of low-SES children: A
partial replication. Am J Ment Defic 91(2):178-183.

Hayakawa K. 1972. Microdetermination and dynamic aspects of in vivo
alkyllead compounds: II. Studies on the dynamic aspects of alkyllead
compounds in vivo. Jpn J Hyg 26:526-535 (cited in Jensen 1984).

Hayashi M. 1983. Lead toxicity in the pregnant rat. II. Effects of low-
level lead on §-aminolevulinic acid dehydratase activity in maternal and
fetal blood or tissue., Ind Health 21:127-135.

Heard MJ, Chamberlain AC. 1982. Effect of minerals and food on uptake of
lead from the gastrointestinal tract in humans. Hum Toxicol 1:411-415
(cited in EPA 1986a).

Heard MJ, Wells AC, Newton D, Chamberlain AC. 1979. Human uptake and
metabolism of tetra ethyl and tetra methyl lead vapour labelled with
03pb. In: International Conference: Management Control Heavy Metals
Environment, September, London, United Kingdom. Edinburgh, U.K.: CEP
Consultants, Ltd., pp. 103-108 (cited in EPA 1985a).

Herber RFM. 1980. Estimation of blood lead values from blood porphyrin
and urinary 5-aminolevulinic acid levels in workers. Int Arch Occup
Environ Health 45:169-179. ‘

Hernberg S, Nikkanen J. 1970. Enzyme inhibition by lead under normal
urban conditions. Lancet 1(7637):63-64.

Heywood RR, James RQ, Pulsford AH, et al. 1979. Chronic oral
administration of alkyl lead solution to the rhesus monkey. Toxicol Lett
4:119-125.

* Hilderbrand DC, Der R, Griffin WT, Fahim MS. 1973. Effect of lead
acetate on reproduction. Am J Obstet Gynecol 115:1058-1065.

Hoffman DJ, Niyogi SK. 1977. Metal mutagens and carcinogens affect RNA
synthesi{s rates in a distinct manner. Science 198:513-514.

Hogstedt C, Hane M, Agrell A, Bodin L., 1983. Neuropsychological test
results and symptoms among workers with well-defined long-term exposure
to lead. Br J Ind Med 40:99-105.

Horiuchi K, Horiguchi S, Suekane M. 1959. Studies on industrial lead
polsoning. 1: Absorption, transportation, deposition and excretion of
lead. 6: The lead contents in organ-tissues of the normal Japanese.
Osaka City Med J 5:41-70 (cited in EPA 1986a).

Howe HE. 1981. Lead. In: Kirk-Othmer Encyclopedia of Chemical
Technology, 3rd ed. Vol. 14, New York, N.Y.: John Wiley and Sons, pp.
98-139.



174 Section 10

HSDB (Hazardous Substances Data Bank). 1987. National Library of
Medicine, Report No. 231, On-Line, September 30, 1587,

Hubermont G, Buchet J-P, Roels H, Lauwerys R. 1976. Effect of short-term
administration of lead to pregnant rats. Toxicology 5:379-384,

HUD (Department of Housing and Urban Development). 1987a. Lead-based
paint hazard elimination in certain FHA single family and multifamily
housing programs; Section 8 housing assistance payments program for
substantial rehabilitation; and Section 8 existing housing certificate
and moderate rehabilitation programs; final rule. 24 CFR Parts 35, 200,
881, 882, and 886. Fed Regist 52(10):1876-1896.

HUD (Department of Housing and Urban Development). 1987b. Lead-based
paint hazard elimination in community development block grant, urban
development action grant, secretary’s fund, Section 312 rehabilitation
loan, rental rehabilitation and urban homesteading programs; final rule.
24 CFR Parts 510, 511, 570, and 590. Fed Regist 52(31):4870-4886.

HUD (Department of Housing and Urban Development). 1988a. Lead-based
paint hazard elimination; final rule. 24 CFR Part 35 et al. Fed Regist
53(108):20790-20806.

HUD (Department of Housing and Urban Development). 1988b. Lead-based
paint abatement demonstration program; announcement. Fed Regist
53(166):32701-32702.

Hsu FS, Krook L, Pond WG, Duncan JR. 1975. Interactions of dietary
calcium with toxic levels of lead and zinc in pigs. J Nutr 105:112-118.

Huseman CA, Moriarty CM, Angle CR. 1987. Childhood lead toxicity and
impaired release of thyrotropin-stimulating hormone. Environ Res
42(2):524-533.

Iannaccone A, Carmignani M, Boscolo P. 1981. Cardiovascular reactivity
in the rat following chronic exposure to cadajum and lead. Ann Ist Super
Sanita 17:655-660. (In Italian)

IARC (International Agency for Research on Cancer). 1980. IARC
monographs on the evaluation of the carcinogenic risk of chemicals to
humans: Some metals and metallic compounds. Lyons, France: World Health
Organization. IARC Vol. 23, pp. 325-416.

IARC (International Agency for Research on Cancer). 1987. IARC
monographs on the evaluation of the carcinogenic risk of chemicals to
humans. Overall evaluations of carcinogenicity: An updating of the IARC
monographs. Vols. 1 to 42. Lyon, France, IARC, World Health Organization
(Suppl 7):230-232.

Ibels LS, Pollock CA. 1986. Toxicology management review. Lead
intoxication. Med Toxicol 1:387-410.



References 175

Impelman D, Lear CL, Wilson R, Fox DA. 1982. Central effects of low
level developmental lead exposure of optic nerve conduction and the
recoverability of geniculocortical responses in hooded rats. Soc
Neurosci Abstr 8:81 (cited in EPA 1986a).

Indraprasit S, Alexander GV, Gonick HC. 1974. Tissue composition of
major and trace elements in uremia and hypertension. J Chronic Dis
27:135-161.

Ito Y, Niiya Y, Otani M, Sarai S, Shima S. 1987. Effect of food intake
on blood lead concentration in workers occupationally exposed to lead.
Toxicol Lett 37:105-114.

Jacquet P, Leonard A, Gerber GB. 1977. Cytogenetic investigations on
mice treated with lead. J Toxicol Environ Health 2:619-624,

Jacquet P, Tachon P. 1981, Effects of long-term lead exposure on monkey
leukocyte chromosomes. Toxicol Lett 8:165-169.

Janin Y, Couinaud C, Stone A, Wise L. 1985. The "lead-induced colic”
syndrome in lead intoxication. Surg Ann 17:287-307.

Jason KM, Kellogg CK. 1981. Neonatal lead exposure: Effects on
development of behavior and striatal dopamine neurons. Pharmacol Biochem
Behav 15:641-649.

Jensen AA. 1984, Metabolism and toxicokinetics. In: Grandjean P, ed.
Biological Effects Organolead Compounds. Boca Raton, Fla.: CRC Press,
PP. 97-115.

Johnson BL, Mason RW. 1984, A review of public health regulations on
lead. Neurotoxicity 5(3):1-22.

Johnson NE, Tenuta K. 1979. Diets and lead blood levels of children who
practice pica. Environ Res 18:369-376.

Jones, KW, Schidlovsly G, Williams FH, Jr. 1987. In vivo determination
of tibial lead X-ray fluorescence with Cd-109 source. In: Ellis,
Wasumura, Morgan, eds. In Vivo Body Composition Studies, The Institute
of Physical Sciences in Medicine. New York, N.Y.: Brookhaven National
Laboratory.

Joselow MM, Flores J. 1977. Application of the zinc protoporphyrin (ZP)
test as a monitor of occupational exposure to lead. Am Ind Hyg Assoc J
38:63-66.

Kang HK, Infante PF, Carra JS. 1980, Occupational lead exposure and
cancer (letter). Science 207:935-936,

Raufman A. 1973. Gasoline sniffing among children in a Pueblo Indian
village. Pediatrics 51:1060-1064.



176 Section 10

Kehoe RA. 1927. On the toxicity of tetraethyl lead and inorganic lead
salts. J Lab Clin Med 7:554-560.

* Kehoe RA. 196la. The metabolism of lead in man in health and disease:
The normal metabolism of lead. (The Harben lectures, 1960.) J R Inst
Public Health Hyg 24:81-97.

* Kehoe RA. 1961b. The metabolism of lead in man in health and disease:
The metabolism of lead under abnormal conditions. (The Harben lectures,
1960.) J R Inst Public Health Hyg 24:129-143.

* Kehoe RA. 196lc. The metabolism of lead in man in health and disease:
Present hygienic problems relating to the absorption of lead. (The
Harben lectures 1960.) J R Inst Public Health Hyg. 24:177-203.

Kehoe RA. 1987. Studies of lead administration and elimination in adult
volunteers under natural and experimentally induced conditions over
extended periods of time. Food Chem Toxicol 25:425-493.

Kehoe RA, Thamann F. 1931. The behavior of lead in the animal organism:
II. Tetraethyllead. Am J Hyg 13:478-498.

Keller CA, Doherty RA. 1980a. Distribution and excretion of lead in
young and adult female mice. Environ Res 21:217-228.

Keller CA, Doherty RA. 1980b. Bone lead mobilization in lactating mice
and lead transfer to suckling offspring. Toxicol Appl Pharmacol 55:220-
228.

Kennedy GL, Arnold DW, Calandra JC. 1975. Teratogenic evaluation of lead
compounds in mice and rats. Food Cosmet Toxicol 13:629-632.

Kharab P, Singh I. 1985. Genotoxic effects of potassium dichromate,
sodium arensite, cobalt chloride and lead nitrate in diploid yeast.
Mutat Res 155:117-120.

Khera AK, Wibberley DG, Edwards KW, Waldron HA. 1980a. Cadmium and lead
levels in blood and urine in a series of cardiovascular and normotensive
patients. Int J Environ Stud 14:309-312.

Khera AK, Wibberley DG, Dathan JG. 1980b. Placental and stillibirth
tissue lead concentrations in occupationally exposed women. Br J Ind Med
37:394-396.

Kimber I, Stonard MD, Gidlow DA, Niewola Z. 1986. Influence of chronic
low-level exposure to lead on plasma immunoglobin concentration and

cellular imwune function in man. Int Arch Occup Environ Health 57:117-
125,

* Kinmel CA, Grant LD, Sloan CS, Gladen BC. 1980. Chronic low-level lead
toxicity in the rat. Toxicol Appl Pharmacol 56:28-41.



References 177

Kirkby H, Gyntelberg F. 1985. Blood pressure and other cardiovascular
risk factors of long-term exposure to lead. Scand J Work Environ Health
11:15-19 (cited in EPA 1986a).

* Kishi R, Ikeda T, Miyake H, Uchino E, Tsuzuki T, Inoue K. 1983.
Effects of low lead exposure on neurobehavioral function in the rat,
Arch Environ Health 38:25-33.

Klaassen CD, Shoeman DW. 1974. Biliary excretion of lead in rats,
rabbits, and dogs. Toxicol Appl Pharmacol 29:434-446.

Klauder DS, Murthy L, Petering HG. 1973. Effect of dietary intake of
lead acetate on copper metabolism in male rats. In: Hemphill DD, ed.
Trace Substances in Environmental Health--VI: (Proceedings of University
of Missouri’'s 6th Annual Conference on Trace Substances in Environmental
Health); June 1972. Columbia, Mo.: University of Missouri, pp. 131-136
(cited In EPA 1986a).

Klauder DS, Petering HB. 1975. Protective value of dietary copper and
iron against some toxic effects of lead in rats. Environ Health Perspect
12:77-80.

Kline TS. 1960. Myocardial changes in lead poisoning. Am J Dis Child
99:48-54.

Koller LD. 1985. Immunological effects of lead. In: Mahaffey KR, ed.
Dietary and Environmental Lead: Human Health Effects. Amsterdam, The
Netherlands: Elsevier Publishers B.V.

Koller LO, Kerkvliet NI, Exon JH. 1985. Neoplasia induced in male rats
fed lead acetate, ethylurea and sodium nitrite. Toxicologic Pathol
13:50-57.

Kosmider S, Petelenz T. 1962. Electrocardiographic changes in elderly
patients with chronic professional lead poisoning. Pol Arch Med Wewn
32:437-442 (cited in EPA 1986a).

Kostial K, Kello D, Jugo S, Rabar O, Maljkovic T. 1978. Influence of age
on metal metabolism and toxicity. Environ Health Perspect 25:81-86.

Kostial K, Momcilovic B. 1974. Transport of lead-203 and calcium-47 from
mother to offspring. Arch Environ Health 29:28-30.

Kostial K, Simonovic J, Pisonic M. 1971. Lead absorption from the
intestine in newborn rats. Nature 233:564 (cited in EPA 1986a).

Kotok D. 1972. Developaent of children with elevated blood levels: A
controlled study. J Pediatr 80:57-61.

Kotok D, Kotok R, Heriot T. 1977. Cognitive evaluation of children with
elevated blood lead levels. Am J Dis Child 131:791-793.



178 Section 10

Krasovskil GN, Vasukovich LY, Chariev O0G. 1979. Experimental study of
biological effects of lead and aluminum following oral administration.
Environ Health Perspect 30:47-51.

Kuhnert PM, Erhard P, Kuhnert BR. 1977. Lead and §-aminolevulinic acid
dehydratase in RBC’'s of urban mothers and fetuses. Environ Res 14:73-80.

* Lancranjan I, Popescu HI, Gavanescu O, Klepsch I, Serbanescu M. 1975.
Reproductive ability of workmen occupationally expcsed to lead. Arch
Environ Health 30:396-401.

Landis JR, Flegal KM. 1987. A generalized Mantel-Haenszel analysis of
the regression of blood pressure on blood lead using NHANES II data.
Environ Health Perspect (in press).

* Landrigan PJ, Baker EL Jr, Feldman RG, et al. 1976. Increased lead
absorption with anemia and slowed nerve conduction in children near a
lead smelter. J Pedlatr 89:904-910.

Landrigan PJ, Froines JR, Mahaffey KR. 1985. Body lead burden: Summary
of epidemiological data and its relation to environmental sources and
toxic effects. In: Magaffey KR, ed. Dietary and Environmental Lead:
Human Health Effects. Elsevier Science Publisher BV, pp. 421-451.

Lansdown R, Yule W, Urbanowicz MA, Hunter J. 1986. The relationship
between blood lead concentrations, intelligence, attainment and behavior
in a school population: The second London study. Int Arch Occup Environ
Health 57:225-235.

Laug EP, Kunze FM. 1948. The penetration of lead through the skin. J Ind
Hyg Toxicol 30:256-259.

Laughlin NK, Bowman RE, Levin ED, Bushnell PJ. 1983. Neurobehavioral
congsequences of early exposure to lead in rhesus monkeys: Effects on
cognitive behaviors. In: Clarkson TW, Nordberg GF, Sager PR, eds.
Reproductive and Developmental Toxicity of Metals. New York, N.Y.:
Plenum Press, pp. 497-515.

Lauwers MC, Hauspie RC, Susanne C, Verheyden J. 1986. Comparison of
biometric data of children with high and low levels of lead in the
blood. Am J Phys Anthropol 69:107-116.

Lauwerys R, Buchet J-P, Roels H, Hubermont G. 1978. Placental transfer
of lead, mercury, cadmium, and carbon monoxide in women. I. Comparison
of the frequency distributions of the biological indices in maternal and
umbilical cord blood. Environ Res 15:278-289.

Lauwerys R, Buchet J-P, Roels HA, Materne D. 1974. Relationship between
urinary é§-aminolevulinic acid excretion and the inhibition of red cell
§-aminolevulinate dehydratase by lead. Clin Toxicol 7:383-388.



References 179

Le Quesne PM. 1987. Clinically used electrophysiological end-points. In:
Lowndes, HE, ed. Electrophysiology in Neurotoxicology, Vol. 1.
Piscatway, N.J.: Department of Pharmacology and Toxicology, Rutgers, pp.
103-116.

Levin ED, Bowman RE. 1983. The effect of pre- or postnatal lead exposure
on Hamilton search task in monkeys. Neurobehav Toxicol Teratol 5:391-
394.

Lilis R. 1981. Long-term occupational lead exposure, chronic
nephropathy, and renal cancer: A case report. Am J Ind Med 2:293-297.

Lilis R, Eisinger J, Blumberg W, Fischbein A, Selikoff I1J. 1978.
Hemoglobin, serum iron, and zinc protoporphyrin in lead-exposed workers.
Environ Health Perspect 25:97-102.

* 1.i11igs R, Gavrilescu N, Nestorescu B, Dumitriu C, Roventa A. 1968.
Nephropathy in chronic lead poisoning. Br J Ind Med 25:196-202.

Lloyd RD, Mays CW, Atherton DR, Bruenger FW. 1975. 210pp studies in
beagles. Health Phys 28:575-583.

lorenzo AV, Gewirtz M, Maher C, Davidowski LI. 1977. The equilibrium of
lead between blood and milk of lactating rabbits. Life Sci 21:1679-1683.

Luster MI, Faith RE, Kimmel CA. 1978. Depression of humoral immunity in
rats following chronic developmental lead exposure. J Environ Pathol
Toxicol 1:397-402.

Lyngbye T, Hansen ON, Grandjean P, 1987. The influence of environmental
factors on physical growth in school age: A study of low level lead
exposure. In: Lindberg SE, Hutchison TC, eds. International Conference:
Heavy Metals in the Environment, Vol. 2, September. New Orleans,
La./Edinburgh, U.K.: CEP Consultants, Ltd. pp. 210-212.

Machle WR. 1935. Tetraethyl lead intoxication and poisoning by related
compounds of lead. J Am Med Assoc, pp. 578-585,

Mahaffey KR, Annest JL. 1986. Assoclation of erythrocyte protoporphyrin
with blood lead level and iron status in the Second National Health and
Nutrition Examination Survey, 1976-1980. Environ Res 41:327-338.

Mahaffey KR, Goyer R, Haseman JK. 1973. Dose-response to lead ingestion
in rats fed low dietary calcium. J Lab Clin Med 82:92-100.

Mahaffey KR, Michaelson JA. 1980. The interaction between lead and
nutrition. In: Needleman HE, ed. Low-Level Lead Exposure: Clinical
Implication of Current Research. New York, N.Y.: Raven Press, pp. 159-
200 (cited in EPA 1986, Goyer 1986).



180 Section 10

* Mahaffey KR, Rosen JF, Chesney RW, Peeler MR, Smith CM, Deluca HF.
1982. Association between age, blood lead concentration, and serum
1,25-dihydroxycholecalcifercl levels in children. Am J Clin Nutr
35:1327-1331.

Mahaffey KR, Treloar S, Banks TA, Peacock BJ, Parekh LE. 1976.
Differences in dietary intake of calcium, phosphorus and iron of
children having normal and elevated blood lead concentrations., J Nutr
106(7):xxx. (Abstract 53.)

Makarov VK, Isakhanov AL. 1981. Some aspects of the embryotoxic effects
of lead. Deposited Doc. VINITI 10:453 (cited in Dhir et al. 1985).

Maki-Paakkanen J, Sorsa M, Vainio H. 1981. Chromosome aberrations and
sister chromatid exchanges in lead-exposed workers. Hereditas 94:269-
275.

Mantere P, Hanninen H, Hernberg S. 1982. Subclinical neurotoxic lead
effects: Two-year follow-up studies with psychological test methods.
Neurobehav Toxicol Teratol 4:725-727.

Manton WI. 1985. Total contribution of airborne lead to blood lead. Br J
Ind Med 42:168-172.

Manton WI, Cook JD. 1984. High-accuracy (stable isotope dilution)
measurements of lead in serum and cerebrospinal fluid. Br J Ind Med
41:313-319.

Mao P, Molnar JJ. 1967. The fine structure and histochemistry of lead-
induced renal tumors in rats. Am J Pathol 50:571-603 (cited in EPA
1986a) .

* Marcus AH. 1985a. Multicompartment kinetic models for lead: I. Bone
diffusion models for long-term retention. Environ Res 36:442-458.

* Marcus AH. 1985b. Multicompartment kinetic models for lead: II. Linear
kinetics and variable absorption in humans without excessive lead
exposure. Environ Res 36:459-472.

* Marcus AH. 1985c. Multicompartment kinetic models for lead: III. Lead
in blood plasma and erythrocytes. Environ Res 36:473-489.

Marcus AH, Schwartz J. 1987. Dose-response curves for erythrocyte
protoporphyrin vs blood lead: Effects of iron status. Environ Res
44(2):221-227.

Markowitz ME, Rosen JF. 1981. Zinc (Zn) and copper (Cu) metabolism in
CaN2 EDTA-treated children with plumbism. Pediatr Res 15:635.



References 181

Mattson S, Christoffersson JO, Jonson R, Nilssen V. 1987. X-ray
fluorescence technique for in vivo analysis of ‘natural’ and
administered trace elements. In: Ellis, Yasumuru, Morgan, eds. In Vivo
Body Composition Studies, The Institute of Physical Sciences in
Medicine. New York, N.Y.: Brookhaven National Laboratory.

McBride WG, Cooney GC, Bell A. 1987. Blood lead levels in Sydney urban
children. In: Lindberg SE, Hutchinson TC, eds. International Conference:
Heavy Metals in the Environment, Vol. 1: September; New Orleans, La.
Edinburgh, U.K.: CEP Consultants, Ltd., pp. 153-155 (cited in ATSDR
1988).

McCauley PT, Bull RJ. 1978. Lead-induced delays in synaptogenesis in the
rat cerebral cortex. Fed Proc 37:740.

McCauley PT, Bull RJ, Lutkenhoff SD. 1979. Association of alterations in
energy metabolism with lead-induced delays in rat cerebral cortical
development. Neuropharmacology 18:93-101,

McCauley PT, Bull RJ, Tonti AP, et al. 1982. The effect of prenatal and
postnatal lead exposure on neonatal synaptogenesis in rat cerebal
cortex. J Toxicol Environ Health 10:639-651.

McClain RM, Becker BA. 1972, Effects of organolead compounds on rat
embryonic and fetal development. Toxicol Appl Pharmacol, pp. 265-274.

McCormack WB, Moore R, Sandy CA. 1981. Lead compounds (organolead). In
Kirk-Othmer Encyclopedia of Chemical Technology, 3rd ed. Grayson M, ed.
Vol. 14. New York, N.Y.: John Wiley and Sons, p. 182.

McDonald ME. 1985. Acid deposition and drinking water. Environ Sci
Technol 19(9):772-776.

McMichael AJ, Baghurst PA, Wigg NR, Vimpani GV, Robertson EF, Roberts
RR. 1988. Port Pirie cohort study: Environmental exposure to lead and
children’s abilities at the age of four years. N Engl J Med 319(8):468-
475.

* McMichael AJ, Vimpani GV, Robertson EF, Baghurst PA, Clark PD. 1986.
The Port Pirie cohort study: Maternal blood lead and pregnancy outcome.
J Epidem Commun Health 40:18-25.

Mele PC, Bushnell PJ, Bownam RE. 1984. Prolonged behavioral effects of
early postnatal lead exposure in rhesus monkeys: Fixed-interval
responding and interactions with scopolamine and pentobarbital.
Neurobehav Toxicol Teratol 6:129-135.

Meredith PA, Moore MR. 1979. The influence of lead on heme biosynthelis
and biodegradation in the rat. Biochem Soc Trans 7:637-639.

Meredith PA, Moore MR, Campbell BC, Thompson GG, Goldberg A. 1978.
Delta-aminolaevulinic acid metabolisa in normal and lead-exposed humans.
Toxicology 9:1-9.



182 Section 10

Michaelson A, Sauerhoff MW. 1974. An improved model of lead-induced
brain dysfunction in the suckling rat. Toxicol Appl Pharmacocl 28:88-96.

Mielke HW, Anderson JC, Berry KJ, Mielke PW, Chaney RL, Leech M. 1983.
Lead concentrations in Iinner-city soils as a factor in the child lead
problem. Am J Publ Health 73(12):1366-1369.

Mielke H, Burroughs S, Wade R, Yarrow T, Mielke PW Jr. 1984/85. Urban
lead in Minnesota: Soill transect results of four cities. Minnesota
Academy of Science 50(1):19-24.

Mielke HW, Adams JL, Reagan PL, Mielke PW Jr. 1989. Soil-dust lead and
childhood lead exposure as a function of city size and community traffic
flow: The case for lead abatement in Minnesota. Environ Biochem Health
{(in press).

Milburn H, Mitran E, Crockford GW. 1976. An investigation of lead
workers for subclinical effects of lead using three performance tests.
Ann Occup Hyg 19:239-249.

Millar JA, Cummings RLC, Battistini V, Carswell F, Goldberg A. 1970.
Lead and §-aminolaevulinic acid dehydratase levels in mentally retarded
children and in lead-poisoned suckling rats. Lancet 2(7675):695-698.

M{ller CD, Buck WB, Hembrough FB, Cunningham WL. 1982. Fetal rat
development as influenced by maternal lead exposure. Vet Hum Toxicol
24:163-166.

Miller GD, Massaro TF, Granlund RW, Massaro EJ. 1983. Tissue
distribution of lead in the neonatal rat exposed to multiple doses of
lead acetate. J Toxicol Environ Health 11:121-128.

Moncilovic B, Kostial K. 1974. Kinetics of lead retention and
distribution in suckling and adult rats. Environ Res 8:214-220.

Moore MR, Bushnell IWR, Goldberg A. 1987. A prospective study of the
results of changes in environmental lead exposure in children in
Glasgow. In: Smith M, Grant LD, Sors A, eds. Lead Exposure and Child
Development: An International Assessment. Lancaster, U.K.: MIP Press (in
press).

Moore MR, Goldberg A. 1985. Health implication of the hematopoietic
effects of lead. In: Mahaffey KR, ed. Dietary and Environmental Lead:
Human Health Effects. Amsterdam, The Netherlands: Elsevier Science
Publishers B.V.

* Moore MR, Goldberg A, Pocock SJ, et al. 1982. Some studies of matermal
and infant lead exposure in Glasgow. Scott Med J 27:113-122 (cited in
EPA 1986a).



References 183

Moore MR, Meredith PA, Watson WS, Sumner DJ, Taylor MK, Goldberg A.
1980. The percutaneous absorption of lead-203 in humans from cosmetic
preparations containing lead acetate, as assessed by whole-body counting
and other techniques. Food Cosmet Toxicol 18:399-405.

Mooty J, Ferrand CF, Harris P. 1975. Relationship of diet to lead
poisoning in children. Pedlatrics 55:636-639 (cited in EPA 1986a).

Morgan A, Holmes A. 1978. The fate of lead in petrol-engine exhaust
particulates inhaled by the rat. Environ Res 15:44-56.

Morgan A, Holmes A, Evans JC. 1977. Retention, distribution, and
excretion of lead by the rat after intravenous injection. Br J Ind Med
34:37-42.

Morgan BB Jr, Repko JD. 1974. Evaluation of behavioral functions in
workers exposed to lead. In: Xintaras C, Johnson BL, De Groot I, eds.
Behavioral Toxicology: Early Detection of Occupational Hazards.
Washington, D.C.: U.S. Department of Health, Education and Welfare, pp.
248-266. DHEW Publ No. (NIOSH) 248-266.

Moreau T, Orssaud G, Juguet B, Busquet G. 1982. Blood lead levels and
arterial pressure: Initial results of a cross sectional study of 431
male subjects (letter). Rev Epidemol Sante Publique 39:395-397 (cited in
EPA 1986a). '

Morrell G, Giridhar G. 1976. Rapid micromethod for blood lead analysis
by anodic stripping voltammetry. Clin Chem 22:221-223.

Morrison JN, Quarterman H, Humphries WR. 1977. The effect of dietary
calcium and phosphate on lead poisoning in lambs. J Comp Pathol 87:417-
429.

Munro IC, Willes RF, Truelove JF. 1975. Absorption and tissue
distribution of organic lead in the developing infant monkey (Macaca
irus). Toxicol Appl Pharmacol 32:128-129.

Muro lA, Goyer RA. 1969. Chromosome damage in experimental lead
poisoning. Arch Path 87:660-663.

Murray HM, Gurule M, Zenick H. 1978. Effects of lead exposure on the
developing rat parietal cortex. In: Wahlum DD, Sikov MR, Hackett PD,
Andrew RD, eds. Developmental Toxicology of Energy-Related Pollutants.
Proceedings of the 17th Annual Hanford Biology Symposium, October 1977,
Richland Wash. U.S. Department of Energy (Symposium series Vol. 47), pp.
520-535. NTIS CONF-771017.

Mylroie AA, Moore L, Olyai B, Anderson M. 1978. Increased susceptibility
to lead toxicity in rats fed semipurified diets. Environ Res 15:57-64.

* NAS (National Academy of Science). 1972. Lead: Airborne Lead in
Perspective. Biologic Effects of Atmospheric Pollutants. Washington,
D.C.: NAS, pp. 71-177, 281-313.



184 Section 10

NAS (National Academy of Sclences). 1977. Drinking Water and Health.
Washington, D.C.: NAS, 1:309-311.

NCI (National Cancer Institute). 1985. Monograph on human exposure to
chemicals in the workplace: Lead. Final report: July 1985,

Needleman HL. 1987. Low level lead exposure and children’s intelligence:
A quantitative and critical review of modern studies. In: Lindberg SE,
Hutchinson TC, eds. International conference: Heavy Metals in the
Environment, Vol. 1, September. New Orleans, La./Edinburgh, U.K.: CEP
Consultants, Ltd., pp. 1-8.

Needleman HL, Bellinger DC. 1987. Type Il fallacies in the study of
childhood exposure to lead at low dose: A critical and quantitative
review. In: Smith M, Grant LD, Sors A, eds. Lead Exposure and Child
Development: An International Assessment. Lancaster, U.K.: MTP Press (in
press).

Needleman HL, Geiger SK, Frank R. 1985. Lead and IQ scores: A reanalysis
(letter). Science 227:701-704.

* Needleman HL, Gunnoe C, Leviton A, et al. 1979. Deficits in
psychologic and classroom performance of children with elevated dentine
lead levels. N Engl J Med 300:689-695.

Needleman HL, Leviton A, Bellinger D. 1982. Lead-associated intellectual
deficit (letter). N Engl J Med 306:367.

Needleman HL, Rabinowitz M, Leviton A, Linn S, Schoenbaum S. 1984, The
relationship between prenatal exposure to lead and congenital anomalies,
J Am Med Assoc 251:2956-2959.

Needleman HL, Shapiro IM. 1974. Dentine lead levels in asymptomatic
Philadelphia school children: Subclinical exposure in high and low risk
groups. Environ Health Perspect 7:27-31.

Nestmann ER, Matula TI, Douglas GR, Bora KC, Kowbel DJ. 1979. Detection
of the mutagenic activity of lead chromate using a battery of microbial
tests. Mutat Res 66:357-365.

Niebuhr E, Wulf HC. 1984. Genotoxic Effects. Biological Effects of
Organolead compounds. Grandjean P, ed. Boca Raton, Fla.: CRC Press, pp.
117-124.

Nieburg PI, Weiner LS, Oski BF, Oski FA. 1974. Red blood cell §-
aminolevulinic acid dehydrase activity. Am J Dis Child 127:348-350.

Nielsen T, Jensen KA, Grandjean P. 1978. Organic lead in normal human
brains. Nature 274:602-603. :

NIOSH (National Institute for Occupational Safety and Health). 1977a.
Manual of Analytical Methods, 2nd ed., Vol. 1. Method No. P&CAM 214.
Cincinnati, Ohio: NIOSH, pp. 214-1 to 214-6.



References 185

NIOSH (National Institute for Occupational Safety and Health). 1977b.
Manual of Analytical Methods, 2nd ed., Vol. 1. Method No. P&CAM 191.
Cincinnati{, Ohio: NIOSH, pp. 191-1 to 191-9.

NIOSH (National Institute for Occupational Safety and Health). 1977c.
Manual of Analytical Methods, 2nd ed., Vol. 1. Method No. P&CAM 173.
Cincinnati, Ohio: NIOSH, pp. 173-1 to 173-10,

NIOSH (National Institute for Occupational Safety and Health). 1977d.
Manual of Analytical Methods, 2nd ed., Vol. 3. Method No. 5341.
Cincinnati, Ohio: NIOSH, pp. 5341-1 to 5341-7.

NIOSH (National Institute for Occupational Safety and Health). 1977e.
Manual of Analytical Methods, 2nd ed., Vol. 1. Method No. P&CAM 195.
Cincinnati, Ohio: NIOSH, pp. 195-1 to 195-7.

NIOSH (National Institute for Occupational Safety and Health). 1977f.
Manual of Analytical Methods, 2nd ed., Vol. 1. Method No. P&CAM 262.
Cincinnati, Ohio: NIOSH, pp. 262-1 to 262-4.

NIOSH (National Institute for Occupational Safety and Health). 1977g.
Manual of Analytical Methods, 2nd ed., Vol. 1. Method No. P&CAM 102,
Cincinnati, Ohio: NIOSH, pp. 102-1 to 102-9.

NIOSH (National Institute for Occupational Safety and Health). 1977h.
Manual of Analytical Methods, 2nd ed., Vol. 1. Method No. P&CAM 208,
Cincinnati, Ohio: NIOSH, pp. 208-1 to 208-4.

NIOSH (National Institute for Occupational Safety and Health). 1978a,
Manual of Analytical Methods, 2nd ed., Vol. 4. Method Nos. 383 and 384.
Cincinnati, Ohio: NIOSH, pp. $383-1 to $383-10, S384-1 to S384-10.

NIOSH (National Institute for Occupational Safety and Health). 1978b.
Criteria for a Recommended Standard. Occupational Exposure to Inorganic
Lead Revised Criteria, 1978. Washington, D.C.: Department of Health,
Education and Welfare (NIOSH). Publ No 78-158.

NIOSH (National Institute for Occupational Safety and Health). 1981.
Manual of Analytical Methods, Vol. 7. Cincinnati, Ohio: NIOSH, pp. 351-1
to 351-11.

NIOSH (National Institute for Occupational Safety and Health). 1984.
Manual of Analytical Methods: Method No. 7082, 3rd ed., Vol. 1.
Cincinnati, Ohio: U.S. Department of Health and Human Services, NIOSH.

Nishioka H. 1975. Mutagenic activities of metal compounds in bacteria.
Mutat Res 31:185-189.

Nordenson I, Beckman G, Beckman L, Nordstrom S. 1978. Occupational and
environmental risks in and around a smelter in northern Sweden: IV,
Chromosomal aberrations in workers exposed to lead. Hereditas 88:263-
267.



186 Section 10

Nordstrom S, Beckman L, Nordenson I. 1978. Occupational and
environmental risks in and around a smelter in northern Sweden: I.
Variations in birth weight. Hereditas 88:43-46.

Nordstrom S, Beckman L, Nordenson I. 1979. Occupational and
environmental risks in and around a smelter in northern Sweden: V.
Spontaneous abortion among female employees and decreased birth weight
in their offspring. Hereditas 90:293-296.

NSF (National Science Foundation). 1977. Lead in the environment.
NSF/RA-770214. Boggess WR, ed. NSF, Washington, D.C. (cited in EPA
1986a).

NTIS (National Technical Information Service). 1987. Federal Research in
Progress. On-line: March 1987. (Dialog File No. 265).

Nye LJJ. 1929. An investigation of the extraordinary incidence of
chronic nephritis in young people in Queensland. Med J Aust 2:145-159
(cited in EPA 1986a).

Odone P, Castoldi MR, Guercilena S, Alessio L. 1979. Erythrocyte zinc
protoporphyrin as an indicator of the biological effect of lead in
adults and children. In: International Conference: Management Control of
Heavy Metals in the Environment, September, London, U.K. Edingurgh,
U.K.: CEP Consultants, Ltd., pp. 66-69.

0’Flaherty EJ, Hammond PB, Lerner SI. 1982. Dependence of apparent blood
lead half-1ife on the length of previous lead exposure in humans. Fundam
Appl Toxicol 2:49-54.

Ong CN, Lee WR. 1980. High affinity of lead for fetal hemoglogin. Br J
Ind Med 37:292-298.

O’Riordan ML, Evans HJ. 1974. Absence of significant chromosome damage
in males occupationally exposed to lead. Nature 247:50-53.

* Orssaud G, Claude JR, Moreau T, Tellouch J, Juguet B, Festy B. 1985.
Blood lead concentration and blood pressure. Br Med J 290:244.

OSHA (Occupational Safety and Health Administration). 1985. OSHA
Occupational Standards. Permissible Exposure Limits. Lead.
29CFR1910.1025.

* Otto DA. 1986. The relationship of event-related brain potentials and
lead absorption: A review of current evidence. In: Wysockl L, Goldwater
L, eds. Lead Environmental Health: The Current Issues (in press) (cited
in EPA 1986a).

* Otto DA, Benignus VA, Muller KE, Barton CN. 1981. Effects of age and
body lead burden on CNS function in young children. I. Slow cortical
potentials. Electroencephalogr Clin Neurophysiol 52:229-239.



References 187

* Otto D, Benignus V, Muller K, et al. 1982. Effects of low to moderate
lead exposure on slow cortical potential in young children: Two year
follow-up study. Neurobehav Toxicol Teratol 4:733-737.

* Otto D, Robinson G, Baumann S, et al. 1985. Five-year follow-up study
of children with low-to-moderate lead absorption: Electrophysiological
evaluation. Environ Res 38:168-186.

Overman SR. 1977. Behavioral effects of asymptomatic lead exposure
during neonatal development in rats. Toxicol Appl Pharmacol 41:459-471.

* Paglia DE, Valentine WN, Dahlgren JG. 1975. Effects of low-level lead
exposure on pyrimidine 5°'-nucleotidase and other erythrocyte enzymes:
Possible role of pyrimidine 5’'-nucleotidase in the pathogenesis of
lead-induced anemia. J Clin Invest 56:1164-1169.

Paglia DE, Valentine WN, Fink K. 1977. Lead poisoning: Further
observations on erythrocyte pyrimidine-nucleotidase deficiency and

intracellular accumulation of pyrimidine nucleotides. J Clin Invest
60:1362-1366.

Parkinson DK, Ryan C, Bormet J, Connell MM. 1986. A psychiatric

epidemiologic study of occupational lead exposure. Am J Epideaiol
123:261-269.

Perino J, Ernhart CB. 1974. The relation of subclinical lead level to
cognitive and sensorimotor impairment in black preschoolers. J Learn
Disabil 7:616-629 (cited in EPA 1986a).

Perry HM, Erlanger MW. 1978. Pressor effects of chronically feeding
cadmium and lead together. In: Hemphill DD, ed. Trace Substances in
Environmental Health, Vol. 12. Columbia, Mo.: University of Missouri-
Columbia, pp. 268-275.

Perwak J, Goyer M, Nelken L, Payne E, Wallaace D. 1982. Exposure and
risk assessment for lead. EPA 440/4-85/010. NT1S PB85-220606, p. 212.

Petit TL, Alfano DP, LeBoutillier JC. 1983. Early lead exposure and the
hippocampus: A review and recent advances. Neurotoxicology 4:79-94.

Petit TL, LeBoutillier JC. 1979. Effects of lead exposure during
development on neocortical dendritic and synaptic structure. Exp Neurol
64:482-492.

Pienta RJ, Poiley JA, Lebherz WB III. 1977. Morphological transformation
of early-passage golden Syrian hamster embryo cells derived from
cryopreserved primary cultures as a reliable in vitro biocassay for
identifying diverse carcinogens. Int J Cancer 19:642-655.

Piomelli S, Graziano J. 1980. Laboratory diagnosis of lead polsoning.
Pediatr Clin North Am 27:843-853.



188 Section 10

* P{iomelli S, Seaman C, Zullow D, Curran A, Davidow B. 1977. Metabolic
evidence of lead toxicity in "normal"™ urban children. Clin Res 25:459A.
(Abstract.)

* Piomelli S, Seaman C, Zullow D, Curran A, Davidow B. 1982. Threshold
for lead damage to heme synthesis in urban children. Proc Natl Acad Sci
7:3335-3339.

Pirkle JL, Schwartz J, Landis JR, Harlan WR. 1985. The relationship
between blood lead levels and blood pressure and its cardiovascular risk
implications. Am J Epidemiol 121:246-258.

* Pocock SJ, Shaper AG, Ashby D, Delves T, Whitehead TP. 1984. Blood
lead concentration, blood pressure, and renal function. Br Med J
289:872-874.

* Pocock SJ, Shaper AG, Ashby D, Delves T. 1985. Blood lead and blood
pressure in middle-aged men. In Lekkas TD, ed. International Conference:
Heavy Metals in the Environment, Vol. 1, September, Athens, Greece.
Edinburgh, U.K.: CEP Consultants, Ltd., pp. 303-30S5.

Pocock SJ, Shaper AG, Walker M, et al. 1983, Effects of tap water lead,
water hardness, alcohol, and cigarettes on blood lead concentrations. J
Epidemiol Comm Health 37:1-7.

Pocock SJ, Ashby D, Smith MA. 1987. Lead exposure and children’s
intellectual performance. Int J Epidemiol 16(1): 57-67.

Poirier LA, Theiss JC, Arnold LJ, Shimkin MB. 1984. Inhibition by
magnesium and calcium acetates of lead subacetate and nickel acetate-
induced lung tumors in strain A mice. Cancer Res 44:1520-1522.

Pounds JG, Marlar RJ, Allen JR. 1978, Metabolism of lead-210 in juvenile
and adult rhesus monkeys Macaca mulatta. Bull Environ Contam Toxicol
19:684-691.

Prigge E, Greve J. 1977. Effects of lead inhalation exposure alone and
in combination with carbon monoxide in nonpregnant and pregnant rats and
fetuses: 11. Effects of §-aminolevulinic acid dehydratase activity,
hematocrit and body weight. Zentralbl Bakteriol Parasitenkd Infektionsky
Hyg Abt 1(Orig Reihe B 165):294-304 (cited in EPA 1986a).

* Pueschel SM, Kopito L, Schwachman H. 1972. Children with an increased
lead burden: A screening and follow-up study. J Am Med Assoc 222:462-
466.

Quarterman J, Morrison JN. 1975. The effects of dietary calcium and
-phosphorus on the retention and excretion of lead in rats. Br J Nutr
34:351-362.

Quarterman J, Morrison E, Morrison JN, Humphries WR. 1978. Dietary
protein and lead retention. Environ Res 17:68-77.



References 189

Rabe A, French JH, Sinha B, Fersko R. 1985. Functional consequences of
prenatal exposure to lead in immature rats. Neurotoxicology 6:43-54.

Rabinowitz M, Leviton A, Bellinger D. 1985. Home refinishing, lead paint
and infant blood lead levels. Am J Publ Health 75:403-404.

* Rabinowitz MB, Leviton A, Needleman HL. 1986. Occurrence of elevated
protoporphyrin levels in relation to lead burden in infants. Environ Res
39:253-257.

Rabinowitz MB, Wetherill GW, Kopple JD. 1976. Kinetic analysis of lead
metabolism in healthy humans. J Clin Invest 58:260-270.

Rabinowitz MB, Wetherill GW, Kopple JD. 1977. Magnitude of lead intake
from respiration by normal man. J Lab Clin Med 90:238-248.

Raghavan SRV, Culver BD, Gonick HC. 1980. Erythrocyte lead-binding
protein after occupational exposure: I. Relationship to lead toxicity.
Environ Res 22:264-270.

Raghavan SRV, Culver BD, Gonick HC. 198l. Erythrocyte lead-binding
protein after occupational exposure. II. Influence on lead inhibition of
membrane Na+, K+ - adenosinetriphosphatase. J Toxicol Environ Health
7:561-568.

Raghavan SRV, Gonick HC. 1977. Isolation of low-molecular-weight lead-
binding protein from human erythrocytes. Proc Soc Exp Biol Med 155:164-
167.

Ramel C. 1973. The effect of metal compounds on chromosome segregation.
Mutat Res 21:45-46.

Ramel C, Magnusson J. 1979. Chemical induction of nondisjunction in
Drosophila. Environ Health Perspect 31:59-66.

Refigart JR, Graber CD. 1976. Evaluation of the humoral immune response
of children with low level lead exposure. Bull Environ Contam Toxicol
16:112-117.

Reiter LW, Anderson GE, Laskey JW, Cahill DF. 1975. Developmental and
behavioral changes in the rat during chronic exposure to lead. Environ
Health Perspect 12:119-123,

Rice DC. 1984. Behavioral deficit (delayed matching to sample) in
monkeys exposed from birth to low levels of lead. Toxicol Appl Pharmacol
75:337-345.

* Rice DC. 1985a. Chronic low-lead exposure from birth produces deficits
in discrimination reversal in monkeys. Toxicol Appl Pharmacol 77:201-
210.

* Rice DC. 1985b. Behavioral toxicity in monkeys exposed to low levels
of lead from birth. Toxicologist 5:23.



190 Section 10

Rice DC. 1985¢c. Effect of lead on schedule-controlled behavior in
monkeys. In: Behavior Pharmacology: The Current Status. New York, N.Y.:
Alan R. Liss, Inc., p. 473-486 (cited in EPA 1986a, Gilbert and Rice
1987).

Rice DC, Gilbert SG, Willes RF. 1979. Neonatal low-level lead exposure
in monkeys: Locomotor activity, schedule-controlled behavior, and the
effects of amphetamine. Toxicol Appl Pharmacol 51:503-513.

Rice DC, Gilbert SG. 1985. Low-level lead exposure from birth produces
behavioral toxicity (DRL) in monkeys. Toxicol Appl Pharmacol 80:421-426.

Rice DC, Willes RF. 1979. Neonatal low-level lead exposure in monkeys
(Macaca fascicularis): Effect on two choice non-gpatial form
discrimination. J Environ Pathol Toxicol 2:1195-1203.

Richet G, Albahary C, Morel-Maroger L, Guillaume P, Galle P. 1966. Renal
changes {n 23 cases of occupational lead poisoning. Bull Mem Soc Med Hop
Paris 117:441-466 (cited in EPA 1986a).

Robinson TR. 1974, Delta-aminolevulinic acid and lead in urine of lead
antiknock workers. Arch Environ Health 28:133-138.

* Robinson G, Baumann S, Kleinbaum D, et al. 1985. Effects of low to
moderate lead exposure on brainstem auditory evoked potentials in
children. Copenhagen, Denmark: World Health Organization Regional Office
for Europe 177-182. (Environmental Health Document 3).

* Robinson GS, Keith RW, Bornschein RL, Otto DA. 1987. Effects of
environmental lead exposure on the developing auditory system as indexed
by the brainstem auditory evoked potential and pure tone hearing
evaluations in young children. In: Lindberg SE, Hutchinson TC, eds.
International Conference: Heavy Metals in the Environment, Vol. 1,
September. New Orleans, La. Edinburgh, UK: CEP Consultants, Ltd., pp.
223-225.

Robison SH, Cantoni O, Costa M. 1984. Analysis of metal-induced DNA
lesions and DNA-repair replication in mammalian cells. Mutat Res
131:173-181.

Roels GA, Balis-Jacques MN, Buchet J-P, Lauwerys RR. 1979. The influence
of sex and of chelation therapy on erythrocyte protoporphyrin and
urinary §-aminolevulinic acid in lead-exposed workers. J Occup Med
21:527-539.

* Roels H, Buchet J-P Lauwerys R, et al. 1976. Impact of air pollution
by lead on the heme biosynthetic pathway in school-age children. Arch
Environ Health 31:310-316.



References 191

Roels H, Hubermont G, Buchet J-P, Lauwerys R. 1978. Placental transfer
of lead, mercury, cadmium, and carbon monoxide in women. III. Factors
influencing the accumulation of heavy metals in the placenta and the
relationship between metal concentration in the placenta and in maternal
and cord blood. Environ Res 16:236-247.

Roels H, Lauwerys R, Buchet J-P, Hubermont G. 1977. Effects of lead on
lactating rats and their sucklings. Toxicology 8:107-113.

Roels HA, Buchet J-P, Lauwerys RR, et al. 1980. Exposure to lead by the
oral and the pulmonary routes of children living in the vicinity of a
primary lead smelter. Environ Res 22:81-94.

* Roels HA, Lauwerys RR, Buchet JP, Vrelust M-T. 1975. Response of free
erythrocyte porphyrin and urinary-§-aminolevulinic acid in men and women
moderately exposed to lead. Int Arch Arbeitsmed 34:97-108.

Rosen I, Wildt K, Gullberg B, Berlin M. 1983. Neurophysiological effects
of lead exposure. Scand J Work Environ Health 9:431-441.

Rosen JF. 1985, Metabolic and cellular effects of lead: A guide to low-
level lead toxicity in children. In: Mahaffey KR, ed. Dietary and
Environmental Lead: Human Health Effects. Elsevier Science Publishers,
pp. 157-185,

Rosen JF. 1987. Critique of toxicological profile on lead. Personal
communication.

Rosen JF, Chesney RW. 1983, Circulating calcitriol concentration in
health and disease. J Pediatr 103:1-7.

* Rosen JF, Chesney RW, Hamstra AJ, Deluca HF, Mahaffey KR. 1980.
Reduction in 1,25-dihydroxyvitamin D in children with increased lead
absorption. N Engl J Med 302:1128-1131.

* Rosen JF, Chesney RW, Hamstra AJ, DelLuca HF, Mahaffey KR. 1981.
Reduction in 1,25-dihydroxyvitamin D in children with increased lead
absorption. In: Brown SS, Davis DS, eds. Organ-Directed Toxicity:
Chemical Indices and Mechanisms. New York, N.Y.: Pergamon Press, pp.
91-95 (cited in EPA 1986a).

Rosen JF, Markowitz ME, Jenks ST, Slatkin DN, Wielopolski. 1987, L-X-ray
fluorescence (XRF): A rapid assessment of cortical bone lead (Pb) in
Pb-toxic children. Pediatr Res 21:287A.

* Rosen JF, Zarate-Salvador C, Trinidad EE. 1974. Plasma lead levels in
normal and lead-intoxicated children. J Pediatr 84:45-48,

Rosenkranz HS, Poirer LA. 1979. Evaluation of the mutagenicity and DNA-
modifying activity of carcinogens and noncarcinogens in microbial
systems. J Nat Cancer Inst 62(4):873-892.



192 Section 10

Rothenberg SJ, Schnaas L, NeriMendez CZ. 1987. The pilot atudy of the
Mexico City prospective lead study: Neurobehavioral newborn status and
prenatal and perinatal blood lead levels. In: Smith M, Grant LD, Sors A,
eds. Lead exposure and Child Developament: An International Assessment.
Lancaster, U.K.: MTP Press (in press) (cited in ATSDR 1988).

Routh DK, Mushak P, Boone L. 1979. A new syndrome of elevated blood lead
and microcephaly. J Pediatr Psychol 4:67-76 (cited in EPA 1986a).

* Rummo JH. 1974. Intellectual and behavioral effects of lead polisoning
in children. {Dissertation]. Chapel Hill, N.C.: University of North
Carolina. University Microfilms, Ann Arbor Mich., Publ No. 74-26-930
(cited in EPA 1986a).

*+ Rummo JH, Routh DK, Rummo NJ, Brown JF. 1979. Behavioral and
neurological effects of symptomatic and asymptomatic lead exposure in
children. Arch Environ Health 34:120-125,

Ryu JE, Ziegler EE, Nelson SE, Fomon SJ. 1983. Dietary intake of lead
and blood lead concentration in early infancy. Am J Dis Child 137:886-
891.

Sachs HK. 1978. Intercurrent infection in lead poisoning. Am J Dis Child
132:315-316.

Saenger P, Markowitz ME, Rosen JF. 1984. Depressed excretion of 68-
hydroxycortisol in lead-toxic children. J Clin Endocrinol Metab 58:363-
367.

Salangina LI, Dubeikovskaya LS, Chekunova MP, Minkina MA. 1982. Basis
for maximum permissible concentrations of lead-cadmaium solder in the
air. Gig Sanit 1:84 (cited in Dhir et al. 1985).

Sarto F, Stella M, Acqua A. 1978. Cytogenic studies in 20 workers
occupationally exposed to lead. Med Lavoro 69:172-180.

Satzger RD, Clow CS, Bonnin E, Fricke FL. 1982. Determination of
background levels of lead and cadmium in raw agricultural crops by using
differential pulse anodic stripping voltammetry. J Assoc Off Anal Chem
65(4):987-991.

Sax NI. 1984. Dangerous Properties of Industrial Materials. 6th ed. New
York, N.Y.: Van Nostrand Reinhold Co, p. 2641.

Schlipkoter H-W, Frieler L. 1979. The influence of short-term lead
exposure on the bacterial clearance of the lung. Zentralbl Bakteriol
Parasitenkd Infektionskr Hyg Abt 1(Orig Reihe B 168):256-265 (cited in
EPA 1986a).



References 193

* Schlipkoter H-W, Winneke G. 1980. Behavioral studies on the effects of
ingested lead on the developing nervous system of rats. In:
Enviromnmental Quality of Life: Lead Environmental Research Program
1976-80., Brussels, Luxembourg: Commigsion of the European Communities,
PP. 127-134 (cited in EPA 1986a).

Schmid E, Bauchinger M, Pietruck S, Hall G. 1972. Cytogenic action of
lead in human peripheral lymphocytes in vitro and in vivo. Mutat Res
16:401-406.

Schroeder HA, Mitchener M, Nason AP. 1970. Zirconium, niobium, antimony,
vanadiun and lead in rats: Life term studies. J Nutr 100:59-68 (cited in
EPA 1986a).

Schroeder SR, Hawk B. 1987. Psycho-soclal factors, lead exposure and 1Q.
Monogr Am Assoc Ment Defic 8:97-137.

Schroeder SR, Hawk B, Otto DA, Mushak P, Hicks RE. 1985. Separating the
effects of lead and social factors on IQ. In: Bornschein RL, Rabinowitz

MB, eds. The Second International Conference on Prospective Studies of
Lead; April 1984, Cincinnati, Ohio. Environ Res 38:144-154.

Schwanitz G, Gebhart E, Rott HD, et al. 1975. Chromosome investigations
in subjects with occupational lead exposure. Dtsch Med Wochenschr
100:1007-1011,

Schwanitz G, Lenhert G, Gebhart E. 1970. Chromosome damage after
occupational exposure to lead. Dtsch Med Wochenschr 95:1636-1641.

Schwartz J. 1985a. Evidence for a blood lead-blood pressure relationship
[memorandum to the Clean Air Science Advisory Committee]. Washington,
D.C.: Environmental Protection Agency, Office of Policy Analysis. Docket
No. ECAO-CD-81-2 IIA.F.60 (cited in EPA 1986a).

Schwartz J. 1985b. Response to Richard Royall’s questions on the blood
lead-blood pressure relationships in HNANES II (memorandum to Dr. David
Weil]. Washington, D.C.: Environmental Protection Agency, Office of
Policy Analysis. Docket No. ECAO-CD-81-2 IIA.C.5 (cited in EPA 1986a).

Schwartz J. 1986a. NHANES II blood pressure analysis [memorandum to
Lester Grant]. Washington, D.C.: Environmental Protection Agency, Office
of Policy Analysis. Docket No. ECAO-CD-81-2 IIA.C.9 (cited in EPA
1986a).

Schwartz J. 1986b. Blood lead and blood pressure (again) [memorandum to
Lester Grant]. Washington, D.C.: Envirormental Protection Agency, Office
of Policy Analysis. Docket No. ECAO-CD-81-2 IIA.C.11 (cited in EPA
1986a).

* Schwartz J, Angle C, Pitcher H. 1986. Relationship between childhood
blood lead levels and stature. Pediatrics 77:281-288.



194 Section 10

* Schwartz J, Landrigan PJ, Feldman RG, Silbergeld EK, Baker EL Jr, von
Lindern IA. 1987. Threshhold effect in lead-induced peripheral
neuropathy. J Pediatr 112(1):12-17.

* Schwartz J, Otto DA. 1987. Blood lead, hearing threshold, and
neurobehavioral development in children and youth. Arch Environ Health
42(2):153-160.

Scott DR, Hemphill DC, Holboke LE, et al. 1976. Atomic absorption and
optical emission analysis of NASN atmospheric particulate samples for
lead. Environ Sci Technol 9:877-880,

* Secchi GC, Erba L, Cambiaghi G. 1974. Delta-aminolevulinic acid
dehydratase activity of erythrocytes and liver tissue in man:
Relationship to lead exposure. Arch Environ Health 28:130-132.

Selander S, Cramer K. 1970. Interrelationships between lead in blood,
lead in urine, and ALA in urine during lead work. Br J Ind Med 27:28-39.

Selevan SG, Landrigan PJ, Stern FB, Jones JH. 1985. Mortality of lead
smelter workers. Am J Epidemiol 122:673-683.

* Seppalainen AM, Hernberg S, Vesanto R, Kock B. 1983. Early neurotoxic
effects of occupational lead exposure: A prospective study.
Neurotoxicology 4:181-192.

Seto DSY, Freeman JM. 1964. Lead neuropathy in childhood. Am J Dis Child
107:337-342.

Shukla R, Bornschein RL, Dietrich KN, et al. 1987. Effects of fetal and
early postnatal lead exposure on child’s growth in stature--the
Cincinnati lead study. In: Lindberg SE, Hutchinson TC, eds.
International Conference: Heavy Metals in the Enviromment, Vol. 1:
September, New Orleans, La. Edinburgh, U.K.: CEP Consultants, Ltd., pp.
210-212.

Silbergeld EK, Hruska RE, Bradley D, Lamon JM, Frykholm BC. 1982.
Neurotoxic aspects of porphyrinopathies: Lead and succinylacetone.
Environ Res 29:459-471.

Silver W, Rodriguez-Torres R. 1968. Electrocardiographic studies in
children with lead poisoning. Pediatrics 41:1124-1127,

Simmon VF. 1979a. In vitro mutagenicity assays of chemical carcinogens
and related compounds with Selmonella typhimurium. J Nat Cancer Inst
62(4):893-899,

S{mmon VF. 1979b. In vitro assays for recombinogenic activity of
chemical carcinogens and related compounds with Saccharomyces cerevisiae
D3. J Nat Cancer Inst 62(4):901-909.



References 195

Simmon VF, Rosenkranz HS, Zeiger E, Poirer LA. 1979. Mutagenic activity
of chemical carcinogens and related compounds i{n the intraperitoneal
host-mediated assay. J Nat Cancer Inst 62(4):911-918.

Singh SM, Sivalingam PM. 1982. In vitro study on the interactive effects
of heavy metals on catalase activity of Sarotherodon mossambicus. J Fish
Biol 20:683-688.

Sirover MA, Loeb LA. 1976. Infidelity of DNA synthesis in vitro:
Screening for potential metal mutagens or carcinogens. Science
194:1434-1436.

Six KM, Goyer RA. 1970. Experimental enhancement of lead toxicity by low
dietary calcium. J Lab Clin Med 76:933-942.

Six KM, Goyer RA. 1972, The influsnce of iron deficiency on tissue
content and toxicity of ingested lead in the rat. J Lab Clin Med
79:128-136.

Smith CM, Deluca HF, Tanaka Y, Mahaffey KR. 1978. Stimulation of lead
absorption by vitamin D administration. J Nutr 108:843-847.

* Smith CM, DelLuca HF, Tanaka Y, Mahaffey KR. 1981. Effect of lead
ingestion on functions of vitamin D and its metabolites. J Nutr
111:1321-1329.

* Smith FL II, Rathmell TK, Marcil GE. 1938. The early diagnosis of
acute and latent plumbism. Am J Clin Pathol 8:471-508.

Smith M, Delves T, Lansdown R, Clayton B, Graham P. 1983. The effects of
lead exposure on urban children: The Institute of Child
Health/Southampton study. Dev Med Child Neurol 25(5): Suppl 47 (cited in
EPA 1986a).

Somervaille JL, Chettle DR, Scott MC, et al. 1987, X-ray fluorescence of
lead in vivo: Simultaneous measurement of a critical and a trabecular
bone in a pilot study. In: Ellis, Yasumuru, Morgan, eds. In Vivo Body
Composition Studies, The Institute of Physical Sciences in Medicine.

New York, N.Y.: Brookhaven National Laboratory.

Sorrell M, Rosen JF, Roginsky M. 1977. Interactions of lead, calcium,
vitamin D, and nutrition i{n lead burdened children. Arch Environ Health
32:160-164.

Spivey GH, Baloh RW, Brown CP, et al. 1980. Subclinical effects of
chronic increased lead absorption--a prospective study: III. Neurologic
findings at follow-up examination. J Occup Med 22:607-612.

Srivastava L, Tandon SK. 1984. Effects of zinc on lead-induced changes
in brain lysosomal enzymes in the chick embryo. Toxicol Lett 20:111-114.



196 Section 10

Stark AD, Quah RF, Meigs 4, Delouise ER. 1982. The relationship of
environmental lead to blood-lead levels in children. Environ Res
27:372-383.

Steenhout A, Pourtois M. 198l. Lead accumulation in teeth as a function
of age with different exposures. Br J Ind Med 38:297-303.

Stella M, Rossi R, Martinucci GB, Rossi G, Bonfante A. 1978. BUdR as a
tracer of the possible mutagenic activity of Pb++ in human lymphocyte
cultures. Biochem Exp Biol 14:221-231 (cited in IARC 1980).

Stokinger HE. 1981. Lead. In: Clayton GD, Clayton FE, eds. Patty's
Industrial Hygiene and Toxicology, Vol. 2A: Toxicology. New York, N.Y.:
John Wiley and Sons, pp. 1687-1728.

Stoner GD, Shimkin MB, Troxell MC, Thompson TL, Terry LS. 1976. Test for
carcinogenicity of metallic compounds by the pulmonary tumor response in
strain A mice. Cancer Res 36:1744-1747.

Stuik EJ. 1974. Biological response of male and female volunteers to
inorganic lead. Int Arch Arbeitsmes 33:83-97.

Succop PA, O’'Flaherty EJ, Bornschein RL, et al. 1987. A kinetic model
for estimating changes in the concentration of lead in the blood of
young children. In: Lindberg SE, Hutchinson TC, eds. International
Conference: Heavy Metals in the Environment, Vol. 2, September, New
Orleans, La. Edinburgh, U.K.: CEP Consultants, Ltd., pp. 289-291 (cited
in ATSDR 1988).

Suzuki KT. 1981. Heavy metals and metallothionein. J Synth Org Chem Jpn
39:1073 (cited in Dhir et al. 1985).

Tachi K, Nishimae S, Saito K. 1985. Cytogenic effects of lead acetate on
rat bone marrow cells. Arch Environ Health 40:144-147.

Takaku F, Aoki Y, Urata G. 1973, Delta-aminolevulinic acid synthetase
activity in erythroblasts of patients with various hematological
disorders. Jpn J Clin Haematol 14:1303-1310 (cited in EPA 1986a).

Taylor DH, Noland EA, Brubaker CM, Crofton KM, Bull RJ. 1982. Low level
lead (Pb) exposure produces learning deficits in young rat pups.
Neurobehav Toxicol Teratol 4:311-314.

Teisinger J, Styblova V. 1961. Neurological picture of chronic lead
poisoning. Acta Univ Carol Med Suppl 14:199-206 (cited in EPA 1986a).

Tennekoon G, Aitchison CS, Frangia J, Price DL, Goldberg AM. 1979.
Chronic lead intoxication: Effects of developing optic nerve. Ann Neurol
5:558-564.

Thatcher RW, Lester ML, McAlaster R, Horst R. 1982. Effects of low
levels of cadmium and lead on cognitive functioning in children. Arch
Environ Health 37:159-166.



References 197

Thawley DG, Willoughby RA, McSherry BJ, MacCleod CK, MacKay KH, Mitchell
WR. 1977. Toxic interaction among lead, zinc, and cadmium with varying
levels of dietary calcium and Vitamin D. Environ Res 14:463-475,

Thomasino JA, Zuroweste E, Brooks SM, Petering HG, Lerner SI, Finelli
VN. 1977. Lead, zinc and erythrocyte §-aminolevulinic acid dehydratase:
Relationships in lead toxicity. Arch Environ Health 32:244-247.

* Tola S, Hernberg S, Asp S, Nikkanen J. 1973. Parameters indicative of
absorption and biological effect in new lead exposure: A prospective
study. Br J Ind Med 30:134-141.

Toriumi H, Kawal M. 1981. Free erythrocyte protoporphyrin (FEP) in a
general population, workers exposed to low-level lead, and organic-
solvent workers. Environ Res 25:310-316.

Triebig G, Weltle D, Valentin H. 1984. Investigations on neurotoxicity

of chemical substances at the workplace: V. Determination of the motor

and sensory nerve conduction velocity in persons occupationally exposed
to lead. Int Arch Occup Environ Health 53:189-204.

Tsuchiya K, Sugita M, Sakurai H. 1978. Dose-response relationships at
different exposure levels: Re-examination in establishing no-effect
levels. Sangyo Igaku 20:247-253 (cited in EPA 1986a).

Underwood EJ. 1977. No title provided. In: Trace Elements in Human and
Animal Nutrition, 4th ed. London, U.K.: Academic, pp. 70, 133, 205
(cited in Dhir et al. 1985).

USDI (U.S. Department of Interior). 1987. Mineral Industry Surveys: Lead
Industry in May 1987. USDI, Bureau of the Mines, Washington, D.C.

U.S. FDA (Food and Drug Adainistration). 1972. Hazardous substances:
Definitions and procedural and interpretative regulations. Certain
lead-containing paints and other similar surface-coating materials as
banned hazardous substances; confirmation in part of effective date of
order. 21 CFR Part 191 Fed Regist 37(155):16078-16079.

Valciukas JA, Lilis R, Eisinger J, Blumberg WE, Fischbein A, Selikoff
1J. 1978. Behavioral indicators of lead neurotoxicity: Results of a
clinical field survey. Int Arch Occup Environ Health 41:217-236.

Van Esch EJ, Kroes R. 1969. The induction of renal tumors by feeding
basic lead acetate to mice and hamsters. Br J Cancer 23:765-771.

Van Esch GJ, Van Genderen H, Vink HH. 1962. The induction of renal
tumors by feeding of basic lead acetate to rats. Br J Cancer 16:289-297
(cited in EPA 1986a).

Victery W, Tyroler HA, Volpe R, Grant LD. 1988. Summary of discussion
sessions: Symposium on lead-blood pressure relationships. Environ Health
Perspect 78:139-155.



198 Section 10

Victery W, Vander AJ, Markel LK, Shulak JM, Germain C. 1982. Lead
exposure, begun in utero, decreases renin and angiotensin II in adult
rats. Proc Soc Exp Biol Med 170:63-67.

View Data Base. 1989. Agency for Toxic Substances and Disease Registry
(ATSDR), Division of Health Studies, Atlanta, Ga., November 8, 1989,

Vimpani GV, Baghurst PA, Wigg NR, Robertson EF, McMichael AJ, Roberts
RR. 1987. The Port Pirie cohort study--cumulative lead exposure and
neurodevelopmental status at age 2 years: Do HOME scores and maternal IQ
reduce apparent effects of lead on Bayley Mental scores. In: Smith M,
Grant LD, Sors A, eds. Lead Exposure and Child Development: An
International Assessment. Lancaster, U.K.: MTP Press (in press).

Vimpani GV, Wigg NR, Robertson EF, McMichael AJ, Baghurst PA, Roberts
RR. 1985. The Port Pirie cohort study: Blood lead concentration and
childhood developmental assessment. Presented at: Lead Environmental
Health: Current Issues, May, Duke University, Durham, N.C. (cited in EPA
1986a).

Volpe R. 1988. Comments on the Toxicological Profile for Lead. Personal
communication.

Voors AW, Johnson WD, Shuman MS. 1982. Additive statistical effects of
cadmium and lead on heart-related disease in a North Carolina autopsy
series. Arch Environ Health 37(2):98-102.

* Wada O, Yano Y, Ono T, Toyokawa K. 1973. The diagnosis of different
degrees of lead absorption; in special references to choice and
evaluation of various parameters indicative of an increased lead
absorption. Ind Health 11:55-67.

Walsh CT, Ryden EB. 1984. The effect of chronic ingestion of lead on
gastrointestinal transit in rats. Toxicol Appl Pharmacol 75:485-495.

Ward NI, Watson R, Bryce-Saith D. 1987. Placental element levels in
relation to fetal development for obstetrically normal births: A study
of 37 elements. Evidence for the effects of cadmium, lead, and zinc on
fetal growth and for smoking as a source of cadmium. Int J Biosoc Res
9(1):63-81.

Watson WS, Hume R, Moore MR. 1980. Oral absorption of lead and irom.
Lancet 2(8188):236-237.

Waxman HS, Rabinovitz M. 1966. Control of reticulocyte polyribosome
content and hemoglobin synthesis by heme. Biochim Biophys Acta 129:369-
379.

Weast RC, ed. 1985. CRC Handbook of Chemistry and Physics. 66th ed. Boca
Raton, Fla.; CRC Press, Inc., pp. B105-Bl107.

Wedeen RP, Maesaka JK, Weiner B, et al. 1975. Occupational lead
nephropathy. Am J Med 59:630-641.



References 199

Wedeen RP, Mallik DK, Batuman V. 1979. Detection and treatment of
occupational lead nephropathy. Arch Intern Med 139:53-57.

* Weiss ST, Munoz A, Stein A, Sparrow D, Speizer Fe. 1986. The
relationship of blood lead to blood pressure in a longitudinal study of
working men. Am J Epidemiol 123:800-808.

* WHO (World Health Organization). 1977. United Nations Envirormental
Programme. Lead. Geneva, Switzerland: WHO. (Environmental Health
Criteria 3) 1l12.

WHO (World Health Organization). 1984. Guidelines for Drinking-Water
Quality. Vol. 1. Recommendations. Geneva: WHO, p. 6.

WHO (World Health Organization). 1986. Regional Office for Europe: Alr
Quality Guidelines. Vol. II. Lead, pp. 1-34 (review draft).

Wibberley DG, Khera AK, Edwards JH, Rushton DI. 1977. Lead levels in
human placentae from normal and malformed births. J Med Genet 14:339-
345.

* Wildt K, Eliasson R, Berlin M. 1983. Effects of occupational exposure
to lead on sperm and semen. In: Clarkson TW, Nordberg GF, Sager PR, eds.
Reproductive and Developmental Toxicity of Metals. Proceedings of a
joint meeting, May 1982, Rochester, N.Y., New York, N.Y.: Plenum Press,
PP. 279-300 (cited in EPA 1986a).

Willems MI, deSchepper GG, Wibowo AAE, Immel HR, Dietrich AJJ, Zielhuis
RL. 1982. Absence of an effect of lead acetate on sperm morphology,
sister chromatid exchange or on micronuclei formation in rabbits. Arch
Toxicol 50:149-157.

Willoughby RA, MacDonald E, McSherry BJ, Brown G. 1972. Lead and zinc

poisoning and the interaction between PB and Zn poisoning in the foal.
Can J Comp Med 36:348-359 (cited in Haeger-Aronsen et al. 1976, Brewer
et al. 1985).

Windebank AJ, McCall JT, Hunder HG, Dyck PJ. 1980. The endoneurial
content of lead related to the onset and severity of segmental
demyelination. J Neuropathol Exp Neurol 39:692-699.

Windholz M, ed. 1983. The Merck Index. An Encyclopedia of Chemicals,
Drugs and Biologicals. 10th ed. Rahway, N.J.: Merck and Co., Inc.,
pp. 1316-1317.

Winneke G. 1980. Non-recovery of lead-induced changes of visual evoked
potentials in rats. Toxicol Lett I:77 (cited in EPA 1986a).

* Winneke G, Beginn U, Ewert T, et al. 1984. Study on the determination
of subclinical lead effects on the nervous system of Nordenham children
with known pre-natal exposure. Schriftenr Ver Wasser Boden Lufthyg
59:215-229 (cited {in EPA 1986a).



200 Section 10

* Winneke G, Beginn U, Ewert T, et al. 1985a. Comparing the effects of
perinatal and later childhood lead exposure on neurophyshological
outcome. Environ Res 38:155-167.

Winneke G, Brockhaus A, Baltissen R. 1977. Neurobehavioral and systemic
effects of long-term blood lead elevation in rats. I. Discrimination
learning and open-field behavior. Arch Toxicol 37:247-263.

* Winneke G, Brockhaus A, Collet W, et al. 1985b. Predictive value of
different markers of lead-exposure for neuropsychological performance.
In: Lekkas Td, ed. International Conference: Heavy Metals in the
Environment, September, Athens, Greece, Vol. 1. Edinburgh, U.K.: CEP
Consultants, Ltd., pp. 44-47.

* Wolf AW, Ernhart CB, White CS. 1985. Intrauterine lead exposure and
early development. In: Lekkas TD, ed. International Conference: Heavy
Metals in the Environment, September, Athens, Greece, Vol. 2. Edinburgh,
U.K.: CEP Consultants, Ltd., pp. 153-155.

Woodbury WD. 1985a. Lead. In: Mineral Facts and Problems, 1985 ed. U.S.
Department of the Interior, Washington, D.C.

Woodbury WD. 1985b. Lead. In: Preprint from the 1985 Bureau of the Mines
Mineral Yearbook. U.S. Department of the Interior, Washington, D.C.

Woodbury WD. 1989. Private communication, August 1989. U.S. Department
of Interior, Bureau of Mines, Washington, D.C.

Yankel AJ, von Lindern IH, Walter SD. 1977. The Silver Valley lead
study: The relationship of childhood lead poisoning and environmental
exposure, J Air Pollut Contr Assoc 27:763-767.

Yip R, Norris TN, Anderson AS. 1981. Iron status of children with
elevated blood lead concentrations. J Pediatr 98:922-925,

Zaric M, Prpic-Majic D, Kostial K, Piasek M. 1987. Exposure to lead and
reproduction. In: Summary Proceedings of a Workshop: Selected Aspects of
Exposure to Heavy Metals in the Enviromment. Monitors, Indicators, and
High Risk Groups, April, 1985. Washington, D.C.: National Academy of
Sciences; Yugoslavia: Council of Academies of Sciences and Arts,

PP. 119-126 (cited in ATSDR 1988).

Zawvirska B, Medras K. 1968. Tumors and porphyrin metabolism disturbances
in rats with experimental lead intoxication. I. Morphological studies.
Zentralbl Allg Pathol Anat 111:1-12 (cited in EPA 1986a).

Zawirska B, Medras K. 1972. The role of the kidneys in disorders of
porphyrin metabolism during carcinogenesis induced with lead acetate.
Arch Immunol Ther Exp 20:257-272 (cited in EPA 1986a).

Ziegler EE, Edwards BB, Jensen RL, Mahaffey KR, Fomon SJ. 1978.
Absorption and retention of lead by infants. Pediatr Res 12:29-34.



References 201

* Zimmerman-Tansella C, Campara P, D'Andrsa F, Savonitto C, Tansella M.
1983. Psychological and physical complaints of subjects with low
exposure to lead. Hum Toxicol 2:615-623.

Zollinger HU. 1953. Kidney adenomas and carcinomas in rats caused by
chronic lead poisoning and their relationship to corresponding human
neoplasms. Virchows Arch Pathol Anat Physiol 323:694-710 (cited in EPA
1986a).



203

1l1. GLOSSARY

Acute Exposure--Exposure to a chemical for a duration of 14 days or
less, as specified in the Toxicological Profiles.

Bioconcentration Factor (BCF)--The quotient of the concentration of a
chemical in aquatic organisms at a specific time or during a discrete
time period of exposure divided by the concentration in the surrounding
water at the same time or during the same time period.

Carcinogen--A chemical capable of inducing cancer.

Ceiling value (CL)--A concentration of a substance that should not be
exceeded, even instantaneously.

Chronic Exposure--Exposure to a chemical for 365 days or more, as
specified in the Toxicological Profiles. :

Developmental Toxicity--The occurrence of adverse effects on the
developing organism that may result from exposure to a chemical prior to
conception (either parent), during prenatal development, or postnatally
to the time of sexual maturation. Adverse developmental effects may be
detected at any point in the life span of the organism.

Embryotoxicity and Fetotoxicity--Any toxic effect on the conceptus as a
result of prenatal exposure to a chemical; the distinguishing feature
between the two terms is the stage of development during which the
ingult occurred. The terms, as used here, include malformations and
variations, altered growth, and in utero death.

Frank Effect Level (FEL)--That level of exposure which produces a
statistically or biologically significant increase in frequency or
severity of unmistakable adverse effects, such as irreversible
functional impairment or mortality, in an exposed population vhen
compared with its appropriate eontrol.

EPA Health Advisory--An estimate of acceptable drinking water levels for
a chemical substance based on health sffects information. A health
advisory is not a legally enforceable federal standard, but serves as
technical guidance to assist federal, state, and local officials.

Immediately Dangerous to Lifs or Health (IDLH)--The maximm
environmental concentration of a contaminant from which one could escape
within 30 min without any escape-impairing symptoms or irreversible
health effects.
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Intermediate Exposure--Exposure to a chemical for a duration of 15-364
days, as specified in the Toxicological Profiles.

Immunologic Toxicity--The occurrence of adverse effects on the immune
system that may result from exposure to environmental agents such as
chemicals.

In vitro--Isolated from the living organism and artificially maintained,
as in a test tube.

In vivo--Occurring within the living organism.

Key Study--An animal or human toxicological study that best illustrates
the nature of the adverse effects produced and the doses associated with
those effects.

Lethal Concentration(Lo) (LCLO)--The lowest concentration of a chemical
in air which has been reported to have caused death in humans or
animals.

Lethal Concentration(50) (LC50)--A calculated concentration of a
chemical in air to which exposure for a specific length of time is
expected to cause death in 50% of a defined experimental animal
population.

Lethal Dose(L0) (LDLO)--The lowest dose of a chemical introduced by a
route other than inhalation that 18 expected to have caused death in
humans or animals.

Lethal Dose(50) (LDSQ)--The dose of a chemical which has been calculated
to cause death in 50% of a defined experimental animal population.

Lowest-Observed-Adverse-Effect Level (LOAEL)--The lowest dose of
chemical in a study or group of studies which produces statistically or
biologically significant increases in frequency or severity of adverse
effects between the exposed population and its appropriate control.

Lovest-Observed-Effect Lavel (LOKL)--The lowest dose of chemical in a

study or group of studies which produces statistically or biologically
significant increases in frequency or severity of effects between the

exposed population and its appropriate control.

Malformations--Permanent structural changes that may adversely affect
survival, development, or function.

Minimal Risk Level--An estimate of daily human exposure to a chemical
that is likely to be without an appreciable risk of deleterious effects
(noncancerous) over a specified duration of exposure.

Mutagen--A substance that causes mutations. A mutation is a change in
the genetic material in a body cell. Mutations can lead to birth
defects, miscarriages, or cancer.
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Neurotoxicity--The occurrence of adverse effects on the nervous system
following exposure to a chemical.

No-Observed-Adverse-Effect Level (NOAEL)--That dose of chemical at which
there are no statistically or bilologically significant increases in
frequency or severity of adverse effects seen between the exposed
population and its appropriate control. Effects may be produced at this
dose, but they are not considered to be adverse,

No-Observed-Effect Level (NOEL)--That dose of chemical at which there
are no statistically or biologically significant increases in frequency
or severity of effects seen between the exposed population and its
appropriate control.

Permissible Exposure Limit (PEL)--An allowable exposure level in
wvorkplace air averaged over an 8-h shift.

ql*--The upper-bound estimate of the low-dose slope of the dose-responsge
curve as determined by the multistage procedure. The g * can be used to
calculate an estimate of carcinogenic potency, the incremental excess
cancer risk per unit of exposure (usually ug/L for water, mg/kg/day for
food, and pg/n3 for air).

Reference Dose (RfD)--An estimate (with uncertainty spanning perhaps an
order of magnitude) of the daily exposure of the human population to a
potential hazard that is likely to be without risk of deleterious
effects during a lifetime. The RfD is operationally derived from the
NOAEL (from animal and human studies) by a consistent application of
uncertainty factors that reflect various types of data used to estimate
RfDs and an additional modifying factor, which is based on a
professional judgment of the entire database on the chemical. The RfDs
are not applicable to nonthreshold effects such as cancer.

Reportable Quantity (RQ)--The quantity of a hazardous substance that is
considered reportable under CERCLA. Reportable quantities are: (1) 1 1b
or greater or (2) for selected substances, an amount established by
regulation either under CERCLA or under Sect. 31l of the Clean Water
Act. Quantities are measured over a 24-h period.

Reproductive Toxicity--The occurrence of adverse effects on the
reproductive system that may result from exposure to a chemical. The
toxicity may be directed to the reproductive organs and/or the related
endocrine system. The manifestation of such toxicity may be noted as
alterations in sexual behavior, fertility, pregnancy outcomes, or
modifications in other functions that are dependent on the integrity of
this systen.

Short-Term Exposure Limit (STEL)--The maximum concentration to which
workers can be exposed for up to 15 min continually. No more than four
excursions are allowed per day, and there must be at least 60 min
between exposure periods. The daily TLV-TWA may not be exceeded.
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Target Organ Toxicity--This term covers a broad range of adverse effects
on target organs or physiological systems (e.g., renal, cardiovascular)

extending from those arising through a single limited exposure to those

assumed over a lifetime of exposure to a chemical.

Teratogen--A chemical that causes structural defects that affect the
development of an organism.

Threshold Limit Value (TLV)--A concentration of a substance to which
most workers can be exposed without adverse effect. The TLV may be
expressed as a TWA, as a STEL, or as a CL.

Time-veighted Average (TWA)--An allowable exposure concentration
averaged over a normal 8-h workday or 40-h workweek.

Uncertainty Factor (UF)--A factor used in operationally deriving the RfD
from experimental data. UFs are intended to account for (1) the
variation in sensitivity among the members of the human population,

(2) the uncertainty in extrapolating animal data to the case of humans,
(3) the uncertainty in extrapolating from data obtained in a study that
is of less than lifetime exposure, and (4) the uncertainty in using
LOAEL data rather than NOAEL data. Usually each of these factors is set
equal to 10.
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APPENDIX: PEER REVIEW

A peer review panel was assembled for lead. The panel consisted of
the following members: Dr. J.J. Chisolm, Jr., Kennedy Institute for
Handicapped Children, Baltimore, Maryland; Dr. D.A. Cory-Slechta,
University of Rochester, Rochester, New York; and Dr. J.F. Rosen, Albert
Einstein College of Medicine, Bronx, New York. These experts
collectively have knowledge of lead’s physical and chemical properties,
toxicokinetics, key health end points, mechanisms of action, human and
animal exposure, and quantification of risk to humans. All reviewers
vere selected in conformity with the conditions for peer review
specified in the Superfund Amendments and Reauthorization Act of 1986,
Section 110.

A joint panel of scientists from ATSDR and EPA has reviewed the
peer reviewers’ comments and determined which comments will be included
in the profile. A listing of the peer reviewers’' comments not
incorporated in the profile, with a brief explanation of the rationale
for their exclusion, exists as part of the administrative record for
this compound. A list of databases reviewed and a list of unpublished
documents cited are also included in the administrative record.

The citation of the peer review panel should not be understood to
imply their approval of the profile’s final content. The responsibility
for the content of this profile lies with the Agency for Toxic
Substances and Disease Registry. ‘
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